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Marginal land has been proposed to be a viable choice for biomass production to 
meet the biofuel development goal set by Energy Independence and Security Act (EISA). 
However, very little information is currently available for quantifying biomass 
production potential and impacts on hydrology and water quality. The objectives of this 
study were to: (1) quantify availability of marginal land in a typical agricultural 
watershed; (2) test whether the biomass feedstock produced from marginal land in the 
study watershed can support a hypothetical small bio-refinery with annual capacity of 50 
million gallons of ethanol produced; and (3) evaluate the hydrological/water quality 
impacts of projected biomass production scenarios using Agricultural 
Policy/Environmental eXtender (APEX) model. In this study, the three types of marginal 
land were mapped in the St. Joseph River watershed. Yield of switchgrass and 
Miscanthus from both APEX simulation and literature were used to calculate total 
biomass produced from marginal land. Total bioethanol that potentially could be 
produced from biomass produced on marginal land in the watershed was calculated based 
on the marginal land area, biomass and bioethanol yield. The impacts on hydrology and 




The watershed contains 641 km2 of marginal land (23% of whole watershed area) 
that could potentially be used for biomass feedstock production. If all marginal lands are 
converted to switchgrass and Miscanthus production, 45 million gallon bioethanol could 
be produced from switchgrass and 57 million gallon bioethanol could be produced from 
Miscanthus according to simulated yield for these two perennial crops. This indicates that 
the biomass produced from marginal land in the watershed could not support an assumed 
medium size cellulosic biorefinery with annual production capacity of 50 million gallon 
by growing switchgrass, but could support that biorefinery by growing Miscanthus on 
marginal land defined in this study watershed. When land cover on marginal land was 
converted to switchgrass and Miscanthus, hydrologic and water quality would be 
impacted significantly (P<0.05) at the marginal land scale (evaluation conducted across 
all marginal fields), but the impact could be insignificant at watershed scale (evaluation 
conducted across all fields, including both marginal and non-marginal). Water yield 
would potentially decrease because of higher evapotranspiration (ET) rate from 
switchgrass and Miscanthus. Total ET loss for switchgrass is more than Miscanthus 
because of higher evaporation during non-growing season. Soil erosion would also be 
reduced because of lower C factor from switchgrass and Miscanthus. Both mineral and 
organic nitrogen and phosphorus were reduced because of the reduction of fertilization 
rate when cropland was converted to biomass production. However, the time for 
fertilization needs to be further investigated because nitrogen in both surface and 
subsurface flow tend to be increased during the early stage of growing season when grass 




showed higher reduction in soil erosion than switchgrass and higher reduction in nutrient 
loss. 





CHAPTER 1. INTRODUCTION 
1.1 Statement of the Problem 
The enactment of Renewable Fuel Standard (RFS) in December 2007 set a goal of 
136 (36) billion litter (gallon) of ethanol to be used for transportation fuel. That amount 
of ethanol is roughly three times of current ethanol production (US Energy Information 
Administraion). In this goal, 60 (16) billion liter (gallon) should come from cellulosic 
biofuels (RFS2). Cellulosic biofuels include biofuels from a variety of feedstocks with 
cellulose (Tyner, 2008). Several concerns are prompted while trying to meet this goal. 
One major challenge is that adequate cellulosic biomass feedstock is required for 
conversion to bioethanol. To produce adequate cellulosic biomass, 27 million acres of 
cropland will be required (USDA Biofuels Strategic Production Report, 2010). In 
addition, the alternation in agricultural practices associated with the biomass production 
might cause positive or negative environmental effects (Cibin et al., 2012).  
Marginal land has been proposed for bioenergy crop production in many countries, 
including the United States (Cai et al., 2010, Gopalakrishnan et al., 2011), China (Lu et 
al., 2009, Schweers et al., 2011), and some European counties, such as Great Britain 
(Renewable Fuels Agency., 2008). One of the advantages utilizing marginal land for 
bioenergy crop production is competition between food and fuel production can be 




2011). Additional benefits include enhanced carbon sequestration (Tilman et al., 2006) 
and soil erosion reduction by recovering vegetation (Liu et al., 2011). In addition, recent 
studies on marginal land for biomass production have focused on the estimation of 
marginal land areas (Cai et al., 2010, Gopalakrishnan et al., 2011). The associated 
environmental problems caused by the conversion of marginal land to biomass 
production have not been adequately investigated. 
1.2 Objectives and hypothesis 
The overall goal of this study was to evaluate production potential of marginal 
lands for cultivating switchgrass and Miscanthus for biofuel development and associated 
hydrological/water quality impacts. Scenarios for biomass feedstock production on 
marginal land were explored by developing management practices and mapping marginal 
land areas in the study watershed. Biomass yields were predicted by collecting and 
summarizing field trial yield values from literature, field experiment conducted at Purdue 
University, and the computer simulation model used in this study. The hydrological/water 
quality impact was analyzed using Agricultural Policy/Environmental eXtender (APEX) 
model. The specific objectives of this study were to: 
1. Quantify availability of marginal land in a typical agricultural watershed. 
2. Test whether the biomass feedstock produced from marginal land in the study 
watershed could support a hypothetical small bio-refinery with annual capacity of 50 
million gallons of ethanol produced. 
3. Evaluate the hydrological/water quality impacts of projected biomass production 






Hypothesis 1: Cultivating switchgrass and Miscanthus on marginal land can provide 
adequate biofeedstock for a cellulosic ethanol bio-refinery with annual capacity of 50 
million gallons in a typical Midwestern 8-digit HUC watershed.  
Hypothesis 2: Cultivation of switchgrass and Miscanthus on marginal lands will improve 
water quality compared with original land cover types on marginal lands. 
1.3 Thesis organization 
The thesis is organized in five chapters. Chapter 1 states the scientific question 
and the objective of this research. Chapter 2 provides a review of literature about relative 
concepts and research required to establish methodology for evaluating production 
potentiality and hydrological/water quality impact resulting from producing cellulosic 
biomass feedstock on marginal land. Chapter 3 describes in detail the methods followed 
to accomplish research objectives. Chapter 4 shows the results obtained from the research. 
Chapter 5 provided a summary and conclusion of the research, as well as 





CHAPTER 2.  LITERATURE REVIEW 
2.1 Biofuel development in the U.S 
In the 1970s, the oil crisis prompted global interests in biofuels as an alternative 
energy source for transportation fuel in many counties, including the U.S (Timilsina &  
Shrestha, 2011, Tyner, 2008). In the U.S, ethanol production for fuel was boomed by this 
oil crisis and a series of subsidies since 1978 (Tyner, 2008). The Energy Policy Act of 
1978 provided subsidies to gasoline blended with ethanol and triggered industrialized 
ethanol production in the U.S. Since then, a variety of supporting policies, including 
other subsidies from federal and states, renewable fuel standards, and producer incentives, 
were provided by the government in order to prompt ethanol production (Sarica &  Tyner, 
2013, Tyner, 2008). For example, the American Jobs Creation Act enacted the 
Volumetric Ethanol Exercise Tax Credit (VEETC), which was the main source of 
financial support for biofuels in recent years (Sorda et al., 2010). The Renewable Fuel 
Standard (2007) mandated that 136 billion liters (36 billion gallons) of renewable 
biofuels have to be used in transport fuels by 2022 (Sorda et al., 2010).  
Cellulosic ethanol currently was commercially unavailable, even though several 
cellulosic biorefineries were still under construction or projected to construct (EPA, 2012, 
RFA, 2013). A wide range of concerns on cellulosic ethanol production were investigated 




the research and development of cellulosic ethanol since 1980s (Klass, 1987). The goals 
of cellulosic feedstock research ranged from the identification of suitable feedstock 
sources (Klass, 1987) to the conversion technologies (Limayem &  Ricke, 2012). 
Additional aspects of the cellulosic ethanol production processes including sustainability 
and economic analysis were also included in several studies (Awudu &  Zhang, 2012, 
Ceotto &  Candilo, 2011). However, the gap of knowledge on the production process, 
conversion technologies, environmental impacts, and social-economic consequences need 
to be discovered and filled for sustainable production of cellulosic ethanol at commercial 
scales. 
2.2 Land use impacts of biofuels in the U.S  
Two types of land use impacts, direct impacts and indirect impacts, need to be 
evaluated related to bioenergy crop production (Ciaian et al., 2012). The direct impacts 
referred to the expansion of land areas included for production. The rapid expansion of 
biofuel demand in recent decades drove significant increase in land devoted to bioenergy 
crop production in the U.S (Li et al., 2012, Wallander et al., 2011). The area of corn 
production increased from 30.4 million ha in 2005 to 34 million ha in 2011 (FAOSTAT, 
2011). This greatly increase of land for corn production was primarily caused (Tyner et 
al., 2010) by the National Fuel Standard (RFS) enacted under Energy Policy Act of 2005 
(Miyake et al., 2012). The RFS was revised in 2010 in which the standard for biofuel 
consumption in transportation section was increased greatly to 136 billion liter (36 billion 
gallons) by 2022 (EPA, 2012). The increased biofuel production goal included biofuel 
mainly derived from cellulosic feedstock (i.e. corn stover, switchgrass, and Miscanthus). 




this would lead to further land use change in the U.S. The land use changes would 
potentially include conversion of current row crop production land, land that may have 
been retired due to Conservation Reserved Project (CRP), deforestation, conversion of 
grassland (Miyake et al., 2012), or utilization of marginal land (Campbell et al., 2008). 
The indirect impacts refer to un-intended consequences of the land use change 
caused by biofuel expansion (Miyake et al., 2012). The land use change driven by biofuel 
development had led to a variety of environmental (Kennedy, 2007), ecological (Brooke 
et al., 2009), and socio-economy concerns. Environmental concerns related to land use 
change caused by biofuel development include deforestation (Khanna &  Crago, 2012), 
reduction of greenhouse gas (GHG) emissions (Khanna &  Crago, 2012), and water 
quantity and quality impacts (Thomas et al., 2009). Ecological concerns have mainly 
focused on the impacts on wildlife habitat (Brooke et al., 2009). Socio-economy concerns 
included impacts on food price and the cost effectiveness of biofuel production. These 
concerns are all very important for developing biofuel in a sustainable way. However, 
current understanding of sustainability of this biofuel driven land use change was very 
limited (Miyake et al., 2012). For example, one potential pathway of land use change was 
to involve marginal land in cellulosic crop production. However, availability of these 
marginal lands is still under investigation (Cai et al., 2010, Gopalakrishnan et al., 2011). 
The condition of the land is also unknown which increased the uncertainty of 
environmental impacts from converting them to cellulosic crop production (Fritsche et al., 
2010). These problems related to this type of lands must be evaluated carefully before the 




2.3 Marginal land 
In nature, the word “marginality” describes a disadvantage condition one object 
experiences. The object could be an individual or a community.  The disadvantage 
condition could be caused by vulnerabilities coming from unequal factors of 
environmental, ethnicity, society, political and economy (Mehretu et al., 2000). When 
applied under different context, marginality could be determined and influenced by 
different factors. For example, when marginal areas were used for agricultural production, 
the marginality of the behavior could be affected by market conditions (determine prices 
for fertilizer, pesticide, labor, and crops), farmer’s attitude and skills, and land quality 
(determine productivity) (Peterson &  Galbraith, 1932).  The marginality under this 
condition was called “agricultural marginality”. The word has been widely applied in 
various situations, including land use planning (Reger et al., 2007, Smit et al., 1991), 
ecosystem productivity estimation (Verma, 1986, Verma &  Misra, 1989), animal 
conservation (Bertaglia et al., 2007, Wright, 1997), and biomass production for bioenergy 
(Cai et al., 2010, Tang et al., 2010, Tilman et al., 2006, Verma &  Misra, 1989). 
These studies reflect the fact that marginal area is one major focus in land use 
planning (Peterson &  Galbraith, 1932) both in the past and now. Especially in recent 
years, marginal land is intensively discussed in bioenergy biomass production (Swinton 
et al., 2011). In this context, marginal land generally is considered land that is not 
actively engaged in agricultural production and could be used for biomass production in 
order to avoid competition of land with food production. This loose definition enables 
flexibility in identifying marginal land, and potentially increases the type of land that 




idle land (Cai et al., 2010), land with high alkaline origin (Verma, 1986), and other types 
that have chemical or physical limitations have been considered as marginal land. At the 
same time, the loose definition introduced great uncertainties in the estimation of 
marginal land availability, and decreased comparability among studies. Different kinds of 
land types have different land properties, which might cause various influences on 
biomass production.  
One frequently debated point is how much marginal land is available for biomass 
production. Studies have been conducted to estimate the availability of marginal land for 
biomass production at various scales from regional (Gopalakrishnan et al., 2011, Liu et 
al., 2011, Niblick et al., 2013) to global scale (Cai et al., 2010). These studies identify 
marginal land mainly based on biophysical conditions, by either combining several land 
properties (Gopalakrishnan et al., 2011, Kang et al., 2013) or calculating an integrated 
index (Cai et al., 2010). Land properties include slopes, soil texture, soil moisture status, 
chemical properties, rock fragment, etc. (Gopalakrishnan et al., 2011, Kang et al., 2013).  
Integrated indices include land capability class (LCC) (Hamdar, 1999) and land 
productivity score (Cai et al., 2010). One common shortcomings of existing studies 
related to marginal land for biomass production is that these studies are mainly focused 
on biophysical properties of the land. Actually, as mentioned above, marginality has wide 
implications. For biomass production, economic and policy are also very important 
aspect in consideration. For example, market conditions could explain to some degree 
how land would change between production of traditional crops or bioenergy crops 
(James, 2010). However, biomass production has not happened in commercial scale and 




physical and biological level estimation of biomass production is the only part that might 
not change greatly (Bryngelsson &  Lindgren, 2013). The land use dynamics cannot be 
singly determined by biophysical properties of land (Reger et al., 2007). However, lack 
of available data is another reason that limits for conducting economic and policy 
analysis, which are currently done with simulated and assumed data (Bryngelsson &  
Lindgren, 2013). Currently, by using biophysical properties in marginal land definition, 
an initial situation of marginal land cultivation could be evaluated in different aspects, 
such as environmental, economic, and sustainability aspects. These evaluations would 
provide scientific accordance to make sure marginal land be utilized in a more 
sustainable and profitable way. 
2.4 Switchgrass and Miscanthus as biofeedstock 
As early as 1970s, the DOE in the U.S evaluated a variety of feedstocks 
potentially used for bioenergy (McLaughlin et al., 2004). Perennial grasses as bioenergy 
feedstock were initiated at Oak Ridge National Laboratory (ORNL). Switchgrass has 
been reported as an “ideal” bioenergy crop because of its native nature to the US, low 
management requirement, low energy and agrochemical consumption (McLaughlin et al., 
2004). Besides, switchgrass can grow on less fertile soils, helping avoid use of highly 
productive fields for bioenergy crop production (Woodson, 2011). Studies on Miscanthus 
for bioenergy are conducted mainly in the Europe. Only recently, it was introduced to the 
U.S and field trials are currently underway to compare its productivity with that of 
switchgrass (Heaton et al., 2004, Heaton et al., 2008). Miscanthus has shown higher 




(Heaton et al., 2004, Heaton et al., 2008) primarily because it is propagated using 
rhizomes (Zub &  Brancourt-Hulmel, 2010).  
As promising bioenergy crops, switchgrass and Miscanthus both can provide high 
biomass yield than other perennial crops (Heaton et al., 2008). A number of studies have 
been conducted to test the yield potential of these two crops at different regions in the 
U.S. In addition, relationships between yield and influencing factors are also explored. It 
is found that species, harvest times (Fike et al., 2006), and nitrogen application rate 
(Haque et al., 2009, Thomason et al., 2004) can all affect the yield of switchgrass. Even 
though field trials for Miscanthus are limited in the U.S, existing research points out that 
growth of Miscanthus can be heavily influenced by water availability (Heaton et al., 
2004). However, further research on management of these bioenergy crops is required to 
fully understand successful large scale cropping practices and associated impacts. 
2.5 Environmental impacts from perennial biofuel crops production 
With the increasing interests of bioenergy development, the expansion of biomass 
feedstock (especially perennial crops such as switchgrass and Miscanthus) production 
will potentially cause large scale land use changes. The expansion might happen by 
converting existing crop production land to bioenergy crops, or by expanding to 
uncultivated lands (Johansson &  Azar, 2007). Land use change would potentially bring 
some effects on the environment, either in positive or negative ways (Cibin et al., 2012). 
However, the effects are not well understood yet, especially on hydrologic cycle and 
water quality (Wu &  Liu, 2012).  
Currently, the production of perennial crops is only projected and the evaluation 




computer simulation models. The models that have been utilized include Soil and Water 
Assessment Tool (SWAT) (Arnold et al., 1998), Environmental Policy Integrated 
Climate (EPIC) (Izaurralde et al., 2006), Agricultural Policy/Environmental Extender 
(APEX) (Willams et al., 2000), and Groundwater Loading Effects of Agricultural 
Management Systems, and National Agricultural Pesticide Risk Analysis (GLEAMS-
NAPRA) (Engel et al., 2010). Model results suggest that growing perennial crops, such 
as switchgrass and Miscanthus could have some effects on hydrology and provide several 
benefits to water quality. For example, total water yield might be reduced by larger water 
consumption through higher evapotranspiration of perennial crops (Demissie et al., 2012, 
Wu &  Liu, 2012). The potential increase of evapotranspiration would cause the 
reduction of soil moisture content and affect water resources in the long run (Le et al., 
2011). In addition, growing perennial crops would help to reduce soil erosion (Demissie 
et al., 2012, Nelson et al., 2006, Wu &  Liu, 2012). The impacts on nitrogen loading are 
complex and depend on the condition before cultivation, including soil condition, 
topographic features, fertilization regime, and climatic conditions (Demissie et al., 2012).  
The environmental benefits brought by growing biomass (especially perennial 
grasses) on marginal land are also largely unknown (Engel et al., 2010, EPA, 2012, 
Robertson et al., 2008). The original intentions by proposing marginal land include 
mitigating climate change, in addition to avoid food and fuel competition for land (Great 
Britain. Renewable Fuels Agency., 2008). Even through some impacts have been 
quantified using simulation models, there are still a lot of challenges in model 
applications, such as insufficient data, bioenergy crop growth processes representation, 




wide range of land types currently could be considered as marginal lands. These land 
areas would have various different land properties, which would have different influences 
on hydrologic cycle and water pollutant transport processes. In addition, current 
modeling tools may not have capabilities for evaluating marginal land at different spatial 
scales. For example, marginal land might be scattered in a watershed and may present 
challenges to represent the spatial distribution of these scattered marginal lands in a 
model. These problems are largely unknown and additional studies need to be done in 
understanding the environmental responses of these marginal lands in bioenergy 
production. 
2.6 APEX model 
The Agricultural Policy/Environmental eXtender (APEX) model is developed to 
fill the gap between the Environmental Policy Impact Climate (EPIC) model and the Soil 
and Water Assessment Tool (SWAT) model (Gassman et al., 2010). EPIC is a field scale 
model while SWAT is watershed scale model. Both of these models were developed to 
assess impacts of land use and land management from agricultural and mixed land use 
conditions (Gassman et al., 2010). However, they cannot be used to solve the problem at 
the farm or small watershed scale. This gap was recognized in the National Pilot Project 
for Livestock and the Environment (NPP). One objective of this project was to solve the 
manure management at complex farm level cropping systems. Thus, APEX model was 
initiated to be developed in the NPP project (Gassman, 2005).  
APEX is a multi-field version of the EPIC model. It is a physically based field 
scale model. It computes continuous daily time-step hydrology and water quality 




scale. In spatial scale, all variables were calculated at the field level. Each field is 
relatively homogeneous in terms of soil, land use, slope, management, and weather. The 
fields can be connected and the results for water, sediment, nutrient, and pesticide can be 
routed across complex landscapes and channel systems to watershed outlet. Thus, APEX 
is capable of solving problems at both field level and farm/small watershed level.  
APEX has 12 major components: climate generation, hydrology, crop growth, soil 
erosion, nutrient cycling, carbon cycling, pesticide cycling, routing component, 
management practices, soil temperature, plant environmental control, and economic 
budgets (Gassman et al., 2010). It takes weather, soil, field management, and site 
information as input. It also has databases for characteristics of crop growth process, 
fertilization, tillage operations, and pesticide (Wang et al., 2006). With the information 
and database, it can evaluate the impacts of various land management practices on 
hydrologic processes, water quality problems, soil quality, and other related problems in 
agricultural production environments (Wang et al., 2008). A detailed description of the 
model is provided by (Willams et al., 2008). 
The APEX model has been applied globally to evaluate crop production, 
hydrology and water quality at various fields. The major use of APEX was in the NPP 
project, in which APEX was used to form the Comprehensive Economic and 
Environmental Optimization Tool – Livestock and Poultry (CEEOT–LP). In this system, 
APEX was used to generate economic and environmental indicators for various manure 
management scenarios at farm scale (Gassman et al., 2002). Later, the model’s ability to 
simulate forestry condition was improved and tested (Azevedo et al., 2005, Saleh et al., 




prediction (Wang et al., 2006), herbicide loss (Harman et al., 2004), and conservation 





CHAPTER 3. METHODOLOGY 
3.1 General description 
This study was conducted in the St. Joseph River watershed. This watershed was 
selected because of its representative agricultural landscape in the Midwest US. The 
Midwest US is expected to play an important role in bioenergy crop production (USDA). 
This research evaluated the availability of marginal land in St. Joseph river watershed, 
the biomass production potential of watershed, and associated hydrological (water yield) 
and water quality (soil erosion, total nitrogen, and total phosphorus) impacts of cellulosic 
perennial grasses (switchgrass and Miscanthus) production on marginal lands in the 
watershed.  
The marginal land was mapped based on Soil Survey Geographic (SSURGO) 
database and NASS2010 data layers in ArcGIS 10.0. Field study yield (in the rest of the 
thesis, the term “field study yield” was used to denote switchgrass and Miscanthus yield 
achieved from published field study values. As opposite, the yields from APEX 
simulation is denoted as “simulated yield”) values for switchgrass and Miscanthus were 
collected from literature as well as the predictions made by APEX model used in this 
study. The total biofuel production potential were calculated based on the area and yield 
information as well as assumed bioethanol yield from switchgrass and Miscanthus. The 




In order to delineate marginal land areas, the watershed was divided into detailed 
fields based on soil and land use type. Fields were defined as land areas that had unique 
combinations of soil and land use. This approach resulted in a total of 193,097 fields in 
the watershed. Since the discretization was based on soil and land use information instead 
of topography characteristics of the land, hydrologic process interactions among field 
plots were not considered. One APEX model was setup for each field and each field was 
simulated independently of one another. Because of interaction among fields and routing 
of water and nutrients from one field to another was not considered, calibration of the 
model through comparison with measured flow and water quality data at the watershed 
outlet was not conducted. Alternatively, the model was calibrated at Matson Ditch 
watershed, a small watershed located inside the St. Joseph River watershed. The 
calibration at Matson Ditch watershed was conducted by only adjusting subarea level 
parameters which were then applied to other fields at St. Joseph River watershed.  
Before the simulation was conducted at St. Joseph River watershed, the watershed 
was divided into subbasins based on the delineation of the same watershed using SWAT 
model in another research. This step was taken because of the large number of fields in 
the whole watershed. The model could not handle simulations of so many fields at one 
time. After all the simulations were conducted, the annual results from the fields in each 
subbasin were summarized first. Then, the averaged results from each subbasin were 
summarized to calculate the results at the watershed scale.  
Details for how the marginal land were mapped, how the perennial crop yield 





3.2 Study site description 
The St. Joseph River watershed (HUC: 04100003) is located in Indiana (56% of 
the watershed), Michigan (22% of the watershed), and Ohio (22% of the watershed) 
(Figure 3-1). The drainage area of the watershed is about 2, 810 km2. The land cover in 
the watershed (Figure 3-2) consists of corn/soybean land (37%), grassland (26%), forest 
land (12%), other agricultural land (6%), developed land (10%), wetland (8%), and open 
water (1%). NASS2010 is reclassified to make Figure 3-2. In the map, the legend for 
grassland consists of grassland, pasture, hay, and range. The legend for other agricultural 
land includes winter wheat, vegetables, fruits, small grain, and other agricultural species. 
Evergreen, deciduous, and mixed forest are included in the legend of forest land. The 
study used SSURGO soil data base and there were 444 soil series in the watershed. 
Predominate soil textures include silt loam, silt clay loam, and clay loam. Major soil 
limitations for agricultural production in the watershed are erosion and over-saturation. 
The slopes in this watershed are normally gentle. Even though it has slopes as steep as 
48%, 57% of the watershed area has slopes smaller than 2% and 36% of the watershed 
area has slope between 2% and 5%. 7% of the watershed area has slope steeper than 5% 
(Figure 3-3). 
There are 7 weather stations located inside or near the St. Joseph River watershed 
(Figure 3-1, Table 3-1). The monthly distribution of temperature and precipitation are 
shown in Figure3-4 and Figure3-5, respectively. The temperature pattern determines the 
growing season for current crops and future bioenergy crop production scenario in the 
model. The monthly mean low temperature was above 8 oC from May and the. 
 
 






Figure 3-2 Land cover types in the St. Joseph River watershed calculated based on 
NASS2010. The original land cover types were reclassified to the categories shown in the 






Figure 3-3 Slope distribution in the St. Joseph River watershed. Over 93% of the 





Table 3-1 Location (latitude, longitude) and elevation for weather stations around St. 
Joseph River watershed 
Station Latitude Longitude Elevation(m) 
Station1 41.93 -84.6 329 
Station2 41.83 -84.2 266 
Station3 41.58 -84.5 262 
Station4 41.63 -84.9 307 
Station5 41.4 -84.8 259 
Station6 41.48 -85 286 





temperature stayed at this level till the end of October. Average annual precipitation 
between 1995 and 2009 in the watershed is around 1,000 mm.  
The Matson Ditch (HUC12: 041000030603) is a small watershed inside the St. 
Joseph River watershed. The land use in small watershed is similar to that of the St. 
Joseph River watershed, dominantly covered by cropland and grassland. The soil types of 
the watershed are shown in Table 3-2.  
The watershed was monitored by the National Soil Erosion Research Lab of the 
U.S Department of Agriculture. Weather (daily maximum and minimum temperature, 
precipitation), stream flow, sediment, and nitrogen and phosphorous loss data for Matson 
ditch watershed were monitored from 2002 to 2009 at 10 sites. For flow, the sampler was 
installed at the outlet of the watershed (denoted as INSJAXL) in 2002. Flow was 
measured at 10 minutes interval during April to mid-November for each year. During 
winter time, equipment was removed from the site to prevent damage from freezing. 
While sampler was installed in 2002, flow data were available only since 2004 through 
2009. In 2006, a flow velocity sensor was installed. Thus, data from 2006 to 2009 was 
used in this study. Nutrient data including total Kjeldahl nitrogen (TKN), ammonia N, 
total phosphorus (TP), orthophosphate, and oxidized nitrogen were monitored since 2004 






Figure 3-4 Average monthly maximum and minimum temperature from 1995 to 2009. 






















Figure 3-5 Average monthly precipitation for the St. Joseph River watershed. The 

























Table 3-2 Soil types in the Matson Ditch watershed 
Name Area(ha) % wat.area1 Drainage Class 
IN033GnB2 712 14.3 Moderately well drained 
IN033RaB 816 16.3 Moderately well drained 
IN033OhB 111 2.2 Well Drained 
IN033BaA 44 0.9 Somewhat poor drained 
IN033BaB2 2,206 44.2 Somewhat poor drained 
IN033MrC3 11 0.2 Moderately well drained 
IN033BoB 235 4.7 Well drained 
IN033HaA 67 1.3 Somewhat poor drained 
IN033MoC2 10 0.2 Moderately well drained 
IN033Wt 0.01 0 Somewhat poor drained 
IN033MrD3 13 0.3 Moderately well drained 
IN033Se 341 6.8 Poorly Drained 
IN033Pe 397 7.9 Poorly Drained 
IN033Wa 4 0.1 Very Poorly Drained 
IN033Hw 8 0.2 Very Poorly Drained 
IN033Re 21 0.4 Poorly Drained 





3.3 Marginal land availability 
While setting the 136 billion liter (36 billion gallon) biofuel goals in the RSF2, 
USEPA also mandated that crops and crop residues for biofuel feedstock should only 
come from cropland, pasture land, and land enrolled in the Conservation Reserve 
Program (CRP) (EPA, 2012). Based on this mandate, two types of marginal land were 
defined in this study. Type 1 marginal land was defined as cropland and grassland that 
had LCC 3 and 4 (Appendix C). Type 2 marginal land was defined as land located in 
stream buffers (riparian areas). With the expansion of biofuel production, land around 
current cropland might be expand and trigger clearing of forest land. Thus, Type 3 
marginal land was included in this study. Type 3 marginal lands were defined as forest 
land located within 50 m around current corn and soybean land.  
Type 1 marginal land was included because they were at the margin of being 
suitable for crop cultivation according to the definition of LCC. LCC was soil grouping 
system which categorizes soils according to the suitability for crop cultivation. Soils were 
categories into 8 classes, with the suitability for crop cultivation reduced from Class 1 to 
Class 8. Class 1 to 4 are considered suitable for cultivation, and Class 5 to 8 are classified 
as unsuitable for cultivation. Land having LCC 3 & 4 always suffered severe to very 
severe limitations for choices of plants and required special or very careful conservation 
practices in using them for agricultural cultivation. They were considered as marginal 
land because these lands were at the margin of being suitable for agricultural cultivation. 
Cropland in this study included land currently in corn or soybean production. Grassland 
included pasture, hay, and range land uses in NASS 2010 classification. The mapping of 




database and NASS2010 data layers. LCC information in SSURGO database is stored in 
both the ‘muaggatt’ table and the ‘component’ table. The attributes in the ‘muaggatt’ 
table was at the map unit level of soil classification, and the LCC information in this table 
was incorporated into the spatial database of SSURGO. NASS layer was reclassified to 
get the interested cropland and grassland. The SSURGO spatial data layer with LCC 
information was then overlaid with reclassified NASS layer to identify Type 1 marginal 
land. 
Riparian areas were also defined as marginal land in literature (Lu et al., 2009). 
Type 2 marginal land in this study was identified by buffering the stream lines with 
specified width. According to the Conservation practice standard (NRCS, 2010), the 
minimum width for buffers suggested is 10 m (35 feet). Wider buffers were also assumed 
in this study to show the trends of hydrologic/water quality effects, including buffer with 
widths of 25m, 50m, and 100m. After the buffers were created, forest and developed land 
areas located inside the buffer according to NASS 2010 were excluded from marginal 
land classification. 
Forestland was not mandated as potential land resources for biofuel feedstock 
production by EISA. However, forest lands at the edge of cropland would probably be 
cultivated if the crop and biomass feedstock production were expanded in the future. In 
this study, it was assumed the forest located at 50 m buffer around current corn and 
soybean land as converted to biofuel feedstock production. They were identified by 
overlaying forest layers extracted from NASS 2010 and 50 m buffer around current corn 




A pre-check of the SSURGO and NASS database showed mis-matching of 
locations for water bodies. Generally, NASS classification of non-water might be because 
of the resolution of input data. As shown in Figure 3-6, some plots that are considered as 
water in SSURGO database were classified as other land cover types in NASS data. The 
water areas cannot be used for biomass production and were removed for further analysis. 
These errors, however, only affected Type 2 marginal lands which were located along the 
streams. Type 3 marginal land was also affected to some degree because forest was 
usually used as vegetation strips between cropland and streams. Type 1 marginal land 
was the least affected because the majority of corn and soybean were not growing near 






Figure 3-6 Differences of land cover types for water bodies between SSURGO database 
and NASS2010 layer. Some water bodies were not identified by NASS might be because 





3.4 Biomass production evaluation 
3.4.1 Switchgrass and Miscanthus yield 
Biomass yield is very important for estimation of biofeedstock crops viability in 
biofuel development. They were collected here for two purposes. One purpose was to use 
the real world data for practical biomass production prediction. The other reason was to 
check the performance of model in yield simulation.  
Switchgrass and Miscanthus yields varied considerably with factors such as 
species variety, management practices, climate, and soil productivity. In order to predict 
the contribution of marginal land to biofuel development, reasonable yield values for 
switchgrass and Miscanthus are required. In this study, switchgrass and Miscanthus yield 
values measured at Water Quality Field Station (WQFS) and reported in literature were 
collected and summarized for use in this study.  
The study watershed located in the Midwest US and was represented by upland 
ecotype switchgrass (Downing et al., 2011). Thus, biomass yield values representative of 
upland ecotypes achieved near the study area were considered in biomass production 
prediction. One concern for the yield estimation was that this study focuses on marginal 
lands. Marginal land generally had poor growing conditions, which might affect the yield 
of switchgrass and Miscanthus. However, several studies have reported that switchgrass 
could grow well on marginal lands (Pyter et al., 2007; Thomason et al., 2004) and the 
yields achieved from marginal lands were almost the same as those achieved from non-





Table 3-3 Comparison of switchgrass yield from marginal land and non-marginal land 




Cherney et al., 1990 16 10.9 
Schmer et al., 2008 5.2-11.2  
Patrick, 2011 9.3-12.8  
Wullschleger et al., 2010 12.3-16.6 (Lowland)1 11.4(Lowland) 
 7.5-10.3 (Upland)1 5.9-11.7(Upland) 





3.4.2 Biomass production prediction 
For investigating the biomass production potential, a series of scenarios were 
developed based on the identified marginal land areas. On each type of marginal land, the 
cultivation of switchgrass and Miscanthus were tested for biomass production potential. 
A total of 21 different crop production scenarios were evaluated in this study (Table 3-4). 
The total biomass yield of switchgrass and Miscanthus for each scenario was predicted in 
two ways. One way used field yield values for switchgrass and Miscanthus determined in 










BCLCC Cropland that with LCCs 3 and 4 under current land cover 
types 
255.3 
SCLCC Cropland that with LCCs 3 and 4 for switchgrass 
MCLCC Cropland that with LCCs 3 and 4 for Miscanthus 
BGLCC Grassland that with LCCs 3 and 4 under current land cover 
types 
241.6 
SGLCC Grassland that with LCCs 3 and 4 for switchgrass 
MGLCC Grassland that with LCCs 3 and 4 for Miscanthus 
BB10 Riparian with buffer width of 10 meters under current land 
cover types 
1.4 
SB10 Riparian with buffer width of 10 meters for switchgrass 
MB10 Riparian with buffer width of 10 meters for Miscanthus 
BB25 Riparian with buffer width of 25 meters under current land 
cover types 
6.2 
SB25 Riparian with buffer width of 25 meters for switchgrass 
MB25 Riparian with buffer width of 25 meters for Miscanthus 
BB50 Riparian with buffer width of 50 meters under current land 
cover types 
12.4 
SB50 Riparian with buffer width of 50 meters for switchgrass 
MB50 Riparian with buffer width of 50 meters for Miscanthus 
BB100 Riparian with buffer width of 100 meters under current land 
cover types 
31.9 
SB100 Riparian with buffer width of 100 meters for switchgrass 
MB100 Riparian with buffer width of 100 meters for Miscanthus 
BBF 50 meter belt of Forest land at the edge of corn and soybean 







SF 50 meter belt of Forest land at the edge of corn and soybean 
land for switchgrass 
 
MF 50 meter belt of Forest land at the edge of corn and soybean 
land for Miscanthus 
Baseline scenario was used to reflect current hydrology and water quality status. The first 
letter represents the perennial crops that would be grown on the lands in each scenario. S 







3.4.3 Biomass production evaluation 
Total bioethanol from switchgrass and Miscanthus produced from marginal land 
in the watershed was compared with the capacity of an assumed medium size cellulosic 
biorefinery. This comparison was conducted to provide a general understanding of the 
magnitude of biofuel that could be produced from marginal land in the studied watershed. 
Currently, there is no commercial cellulosic biorefinery existing in US, although several 
biorefineries are proposed in the near future (EPA, 2012). The capacity of traditional 
biorefinery existing in the U.S. ranges from 1 to 460 million gallon per year (RFA, 2013). 
50 million gallon is close to the capacity of a median traditional biorefinery. In addition, 
50 million gallon capacity is also used in the Billion Ton Update Report (Downing et al., 
2011) to measure the land required for different switchgrass species. Thus, the total 
biofuel produced from marginal land in the St. Joseph River watersheds were compared 
to a projected 50 million gallon cellulosic biorefinery. The total biofuel production 
potential is calculated using the biofuel yield at 85 gallons of ethanol per dry Mg 
(Downing et al., 2011). The same biofuel yield was used for both switchgrass and 
Miscanthus. Given that new technologies for bioethanol conversion from cellulosic 
biofeedstock keep developing, the prediction served a baseline of what could be achieved 
under current level of biofuel conversion technology. 
3.5 Hydrologic/water quality impacts 
The hydrological/water quality impact of biofuel production on marginal land was 
estimated by simulating biomass production scenarios using APEX model. APEX model 
is selected because it can perform field-scale simulation and provide long-term impacts 




APEX model was provided in Section 2.6. The equations used in the APEX model 
simulation and input files are discussed in the following sections..  
3.5.1 Hydrologic components of APEX 
The hydrologic processes considered in APEX model included Rainfall 
Interception (RFI), Surface runoff (Q), Evapotranspiration (ET), and Subsurface flow. 
Subsurface flow included vertical and lateral flow components. Vertical components 
included percolation and return flow. Percolation eventually drained to ground water 
storage, and return flow was eventually added to channel flow from the subarea. Lateral 
component included lateral subsurface flow and quick return flow. Lateral subsurface 
flow was added to the downstream subarea soil water storage. Quick return flow was 
added to the channel flow from the subarea (Willams et al., 2008). 
Rainfall interception estimated as a function of maximum possible intercepted 
rainfall for an event, aboveground plant material, and total leaf area index (Equation 3.1). 
Thus, the rainfall on the soil surface is the difference between rainfall volume and rainfall 
interception.  
𝑅𝐹𝐼 = 𝑅𝐼𝑀𝑋 ∗ �1 − 𝑒−𝑏𝑖∗√𝑇𝐴𝐺𝑃∗𝑆𝑀𝐿𝐴�                𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.1 
where 𝑅𝐹𝐼 is the rainfall intercepted in mm; RIMX is the maximum possible intercepted 
rainfall for an event in mm, 𝑇𝐴𝐺𝑃 represents the aboveground plant material in t/ha, and 
𝑆𝑀𝐿𝐴 represents the leaf-area-index of the plant stand, 𝑏𝑖 is a constant (approximately 
1.0). 
Two surface runoff estimation options are available in APEX model, modified 




this study, surface runoff was calculated using the modified Green-Ampt method 
(Equation 3.2 and 3.3). 
𝑓 =   𝑆𝐴𝑇𝐾 ∗ (
𝑠
𝐹𝑇 + 1
)    (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.2) 
𝑄 = 𝑠𝑢𝑚(𝑑𝑡 ∗ (𝑟 − 𝑓))          (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.3) 
where 𝑓 is the infiltration rate in mm/h, 𝑆𝐴𝑇𝐾 is the soil saturated conductivity in mm/h, 
𝑠 is the curve number retention parameter at the beginning of the storm, and 𝐹𝑇 is the 
accumulated infiltration in mm, 𝑄 is the depth of runoff, 𝑑𝑡 is the time interval in h, and 𝑟 
is the rainfall rate in mm/h.  
Rainfall rates r is generated from an exponential distribution taken from CLIGEN 
(Equation 3.4 and 3.5). 
𝑟 = 𝑟𝑝 ∗
𝑅𝑇𝑃 − 𝑠𝑢𝑚(𝑟 ∗ 𝑑𝑡)
𝑋𝐾𝑃1
;   0 < 𝑡 < 𝑡𝑝                        (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.4) 
𝑟 = 𝑟𝑝 ∗
𝑠𝑢𝑚(𝑟 ∗ 𝑑𝑡) − 𝑅𝑇𝑃
𝑋𝐾𝑃2
;  𝑡𝑝 < 𝑡 < 𝐷𝑈𝑅                  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.5) 
where, 𝑟𝑝 is the peak rainfall rate, 𝑡𝑝 is the time to storm peak in h, 𝑅𝑇𝑃 is the peak 
rainfall volume in mm, 𝐷𝑈𝑅 is the duration of storm in h, and 𝑋𝐾𝑃1 and 𝑋𝐾𝑃2 are the 
exponential constants in h.  
For the peak runoff rate calculation, APEX also provided with two options, a 
modified rational formula and the TR55 method. The modified rational formula was used 
in this study (Equation 3.6): 
𝑞𝑝 =
𝑏𝑞 × 𝑖 × 𝑊𝑆𝐴
360




where 𝑞𝑝 is the peak runoff rate (m3/s), 𝑏𝑞 is the runoff coefficient, 𝐼 is the rainfall 
intensity (mm/h), for the time of concentration in the watershed, and 𝑊𝑆𝐴 is the area (ha) 
for the watershed. 
 




                  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.7) 
where 𝑄 is the runoff volume (mm), and 𝑅𝑑𝑎𝑦 is the rainfall volume (mm) for the day. 




                    (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.8) 
where 𝑅𝑇𝐶 is the amount of rainfall (mm) during the time of concentration, TC, in hour. 
There are five options for the calculation of potential evapotranspiration (PET). 
The modified Hargreaves equation (3.9) was selected in this study. The equation for 
calculating soil evaporation is,  
𝐸𝑂 = 0.0032 ∗ �
𝑅𝐴𝑀𝑋
𝐻𝑉 �
∗ (𝑇𝑋 + 17.8) ∗ (𝑇𝑀𝑋 − 𝑇𝑀𝑁)0.6         (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.9) 
For PET calculated using Hargreaves method, EP is calculated as the function of 
LAI and RFI (Equation 3.10 to 3.17): 
𝐸𝑃 = 𝐿𝐴𝐼 ∗
𝐸𝑂
3
    0.0 < 𝐿𝐴𝐼 < 3.0               (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.10) 
𝐸𝑃 = 𝐸𝑂      𝐿𝐴𝐼 > 3.0                                     (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.11) 
𝐸𝑂′ = 𝐸𝑂 − 𝑅𝐹𝐼;      𝑅𝐹𝐼 < 𝐸𝑂                      (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.12) 




𝐸𝑂′ = 𝐸𝑂;      𝑅𝐹𝐼 > 𝐸𝑂                                     (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.14) 
𝑆𝑊𝐿𝑇 = 𝑆𝑊𝐿𝑇 + 𝑅𝐹𝐼 − 𝐸𝑂                                (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.15) 
𝐸𝑃′ = 0.0                                               (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.16) 
𝐸𝑆 = 0.0                                                  (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.17) 
Where 𝐸𝑂 represents potential evaporation (mm/d), 𝑅𝐴𝑀𝑋 is the clear day radiation at 
the surface in MJ/m*d, 𝐻𝑉 is the latent heat of vaporization in MJ/kg, 𝑇𝑋 , 𝑇𝑀𝑋, and 
𝑇𝑀𝑁 are the mean, maximum, and minimum daily temperature respectively in oC, 𝐸𝑃 
represents the potential transpiration from plant in mm/day, 𝐸𝑂’ represents the potential 
evaporation in mm/day adjusted for rainfall interception. 𝐸𝑆 represents the potential soil 
evaporation. 𝑆𝑊𝐿𝑇 represents water stored in litter.  
Potential evaporation and transpiration is calculated every day and then adjusted 
based on leaf area index, soil water availability, and land cover conditions to get the 
actual evaporation and transpiration. For plant transpiration, the water stored in leaves 
and stems by rainfall interception are first vaporized and then starts accounting 
transpiration. For evaporation from soil surface, snow is first evaporated if they exist. 
Then, water stored in litter above the soil surface was vaporized. At last, the evaporation 
of water from top 0.2 m of soil layer starts and is governed by soil depth and soil water 
content. 
3.5.2 Soil erosion calculation 
APEX can predict both water erosion and wind erosion. Wind erosion was not 
considered in this research. There are seven equations available in the model to estimate 
water erosion. The Modified Universal Soil Loss Equation (MUSLE) (Equation 3.18) 




accuracy because it was developed on the base of sediment concentration and used runoff 
variables to replace rainfall erosion index in the USLE (Wang et al., 2008).  
𝑌 = 1.586 × �𝑄 × 𝑞𝑝�
0.56 × 𝐸𝐾 × 𝐶𝑉𝐹 × 𝑃𝐸𝐶 × 𝑆𝐿 × 𝑅𝑂𝐾𝐹                       (3.18) 
where 𝑌 is sediment yield in ton/ha on a given day, 𝑄 is runoff volume in mm, which is 
calculated using equation (3.3). 𝑞𝑝 is the peak runoff rate in mm/s, which is calculated in 
equation (3.6). 𝐸𝐾 is soil erodibility factor, 𝐶𝑉𝐹 is the crop management C factor, 𝑃𝐸𝐶 
is the erosion control practice factor, and 𝑆𝐿 is the slope length and steepness factor. 
ROKF is the coarse fragment factor.  
The soil erodibility factor, EK, is a function of soil texture and soil organic carbon 
content (Equation 3.19 to 3.23).  
𝐸𝐾 = 𝑋1 × 𝑋2 × 𝑋3 × 𝑋5   (3.19) 





        (3.21) 
𝑋3 = 1 −
0.25 × 𝑊𝑂𝐶
𝑊𝑂𝐶 + 𝑒𝑥𝑝(3.72 − 2.95 × 𝑊𝑂𝐶)
       (3.22) 
𝑋5 = 1.0 − 0.7 ×
𝑆𝐴𝑁
𝑆𝐴𝑁 + 𝑒𝑥𝑝(−5.509 + 22.899 × 𝑆𝐴𝑁)
        (3.23) 
where 𝑆𝐴𝑁, 𝑆𝐼𝐿, 𝐶𝐿𝐴 and 𝑊𝑂𝐶 are the content of sand, silt, clay, and organic carbon 
contents, respectively in soil in %. 
The crop management C factor is a function of above ground crop-residue, crop 
height, standing live biomass of the crop, and soil surface random roughness (Equation 
3.24 to 3.27).  




𝐹𝑅𝑆𝐷 = exp(−0.75 × 𝐶𝑉𝑅𝑆)                      (3.25) 
𝐹𝐵𝐼𝑂 = 1.0 − exp(−𝐶𝑃𝐻𝑇𝑐 × 𝐶𝑃𝐻𝑇) ×
𝑆𝑇𝐿
𝑆𝑇𝐿 + exp(1.175 − 1.748 × 𝑆𝑇𝐿)
       (3.26) 
𝐹𝑅𝑈𝐹 = 𝑒𝑥𝑝�−0.026 × (𝑅𝑈𝐹 − 6.1)�                   (3.27) 
where 𝐹𝑅𝑆𝐷 is crop residue factor, 𝐶𝑉𝑅𝑆 is above ground crop residue in ton/ha, 𝐹𝐵𝐼𝑂 
is the growing biomass factor, 𝐶𝑃𝐻𝑇𝑐  is the coefficient in the exponential function, 
𝐶𝑃𝐻𝑇 is the crop height in m, 𝑆𝑇𝐿 is the standing live biomass on the crop in ton/ha, 
𝐹𝑅𝑈𝐹 is the soil random roughness factor, and 𝑅𝑈𝐹 is the soil surface random roughness 
in mm regression. 
3.5.3 Nitrogen loss calculation 
In APEX, the model accounts nitrogen from atmospheric, fertilizer and manure 
application. Nitrogen processes including crop N uptake, mineralization, immobilization, 
nitrification, denitrification, ammonia volatilization, organic N transport with sediment, 
and nitrogen loss through various hydrologic components can be simulated with the 
model (Gassman et al., 2010). The basic concept for nitrogen loss estimation in the model 
is a loading function, in which the amount of water or sediment lost from field is 
multiplied with the nitrogen concentration in the corresponding transporting media 
(Gassman et al., 2010).  
3.5.4 Phosphorus loss calculation 
The model employs a partitioning concept in calculating phosphorus loss 
(Gassman et al., 2010). The loss of P in runoff is a linear function of soluble P loss in the 
top soil layer, runoff volume, and a linear adsorption isotherm. The loss of P with 




high affinity of P to the sediment. This loss of P with sediment is also calculated using a 
loading function concept.  More detailed discussion on nutrient loss and transportation 
can be obtained from APEX Theoretical Manual (Williams et al., 2012). 
3.5.5 APEX routing component 
Two options were available in APEX for routing water through channels and 
floodplains. One was the daily time step average flow method, which was suitable for 
simulate long-term average outputs of water, sediment, nutrient, and pesticide at whole 
farm and small watersheds. The other method was short time interval complete flooding 
routing method. This method provided estimation of stream flow and potentially 
increased the accuracy for pollutant transport simulation (Gassman et al., 2010). 
Sediment was routed through channel and flood plain separately. The routing of N, P, and 
pesticide included both routing through runoff and sediment. Those transported with 
sediment were simulated using an enrichment ratio approach, which calculated the ratio 
by dividing mean sediment particle size distribution of the outflow with that of inflow. 
3.5.6 Model inputs 
APEX simulation required input data for soils, land cover types, weather, 
geographic characteristics (slope, channel shape and length, latitude and longitude, and 
elevation), and management practices.  
Soil data: In APEX model, soil data is stored in SOL files, with one SOL file for 
each type of soil. SOL file names were numbered and listed in SOILCOM.DAT, 
according to which the model extract soil data for corresponding subareas. SSURGO data 
was used to prepare the soil input tables for APEX model. Totally, there were 444 soil 




This was developed by Dr. Srinivasan for the preparation of APEX (APEX0806 version) 
input tables. The 20 soils that were found actually for waters (Figure 3-6) were excluded 
from these 444 soils.  
Weather data: APEX model requires daily weather data for solar radiation, 
maximum/minimum temperature, precipitation, relative humidity, and wind speed (.DLY 
file). If measured data were unavailable or missing data, the model generates data based 
on the monthly weather files. Monthly weather data file and wind data file were also 
required for the model to run. Monthly whether data is stored in the WP1 file and 
contains monthly weather statistics such as average monthly maximum and minimum 
temperature, monthly average and standard deviation of daily precipitation. Wind data is 
stored in WND file and include monthly wind weather statistics and directions of wind. 
The WP1 and WND file were generated by ArcAPEX. 
(1) Weather data for Matson Ditch watershed simulation: As mentioned in 
Section 3.2 there were 10 weather stations in this watershed. Stations AD and AME were 
selected in the simulation at Matson Ditch watershed based on the total time period and 
amount of missing data (Appendix A). The data from these two stations were available 
from 2004 to 2008. Missing data during this period were filled with values from nearby 
stations according to the distance and correlation (Appendix: correlation analysis) among 
stations. The data was formatted into DLY files. Since only daily precipitation and 
temperature data were available, other variables were left as 0. Monthly weather data file 
and wind data file were extracted using ArcAPEX from its default database. 
(2) Weather data for St. Joseph River watershed simulation: The watershed had 7 




minimum temperature data were downloaded and formatted to DLY files. Other variables 
(solar radiation, relative humidity, and wind speed) in these DLY files were left as 0 and 
were generated by the model. If there were missing data for a specific day, the value in 
the DLY file were filled with value for the same day from nearby stations as it was more 
realistic than APEX generated data. Monthly weather data file and wind data file were 
extracted from the APEX database using the ArcAPEX, according to the latitude and 
longitude of the centroid of the watershed. 
Geographic characteristics:  
Geographic characteristics of the study area were specified in subarea files (SUB) 
and site files (SIT). 
(1) Matson Ditch watershed: the model was setup using ArcAPEX 10.0.1. DEM 
(3X3m) data were used for the watershed delineation and totally 95 subareas were 
delineated. Tile drainage was included in corn and soybean land that have soils with 
somewhat poorly-, poorly-, and very poorly drainage properties (Table 3-2).  
(2) St. Joseph River watershed: In this simulation, watershed delineation was 
conducted using ArcGIS. First, the watershed was divided into fields. A field was defined 
as the land plot that had unique combination of soils and land cover types. The fields 
were identified based on SSURGO and NASS 2010 database. In total, there were 193,097 
fields delineated in the watershed. One field was considered as one subarea in APEX 
model. Then, one SUB file and one SIT file were prepared for each field. The input 
variable values for these files were calculated based on DEM data using ArcGIS 10.0. 
The list of variables for the input tables of APEX specified for one field is provided in 




subareas with somewhat poorly-, poorly-, and very poorly drained soils as defined in the 
SSURGO database.  
APEX could not run for the large number of fields at one time. Thus, the St. 
Joseph River watershed was divided into 39 subbasins (Figure 3-7), according to the 
delineation of the watershed using Soil and Water Assessment Tool (SWAT) model by 
Dr. Young Gu Her in his research. In this way of model setup, the routing processes 
among subareas were not considered. The reason was current version of ArcAPEX could 
not delineate subareas in the way marginal land was defined. Routing component 
required spatial relationship among neighbor subareas and channel characteristics. Since 
the definition of marginal land was not purely based on DEM data, the relationships 
among subareas were too complex to be represented in the model. 
Tile drainage installation: For both Matson Ditch and St. Joseph River 
watershed simulation, tile drainage was assumed to be installed in soils with poor 
drainage conditions (denoted as somewhat poorly-, poorly-, and very poorly drained in 
SSURGO database) (Naz et al., 2009). In APEX model, two parameters were used to 
setup tile drainage: IDR (depth to drainage system in mm) and DRT (time required for 
drainage system to end plant stress in days). These two parameters could also be used for 
adjusting flow from drainage system. In addition, the soil vertical saturated conductivity 
could be used. In APEX model, tile drainage was simulated by adjusting the natural 
lateral subsurface flow of the drainage. This modification forces the model to distribute 
water through tile drainage system and increase simulation accuracy. 
Management practices: The management practice information in the model is 




tillage, irrigation, fertilization, pesticide application, and harvesting. OPS files for corn 
and soybean rotation were created based on the general management practice followed in 
Indiana (Appendix E). Management practice information for other land cover types was 
not available and these information were extracted from ArcAPEX database. Totally, 
OPS files for 12 land cover types were available in the database. The same land use data 
were used in simulation at both Matson Ditch and the St. Joseph River watershed. 
As mentioned in the literature review, management practices including harvest 
time and nitrogen application rate could have impacts on the growth and yield of 
switchgrass and Miscanthus. The crop growing condition and fertilizer application would 
further affect hydrologic cycle and water quality. However, management practice data 
were very limited for these two perennial crops cultivated for biomass feedstock. 
Successful establishment and maintaining of switchgrass and Miscanthus were achieved 
in WQFS since 2007. In this study, the field operation data from WQFS was used as the 
main reference in determining the schedule and types of management practices. This 
would help to increase the confidence of the projected scenarios which reflected current 
producing techniques of those two perennial crops for biomass feedstock in the Midwest 
area. OPS files for switchgrass and Miscanthus were created based on the field operations 
at WQFS (Appendix F). 
Land cover type: In this study, land cover types of each field of the watershed 
were determined based on NASS 2010 data. The model uses this information to assign 
management practice information for each field. One problem for using NASS2010 layer 
for the land cover type information input is management practice information for some 




practices for agricultural crops like corn, soybean, winter wheat, and bermuda grass. 
There were originally 84 land cover types in NASS2010. Management practices for land 
cover types like sunflower, clover, watermelon, are not available in the database. The 
model has crop growth parameters for most of the crop species, but does not have 
information for like planting and harvesting date, tillage, fertilizer and other management 
information. The method used in this study to solve this problem was to assign the 
management practices of plants whose information is available in the database to plants 
whose information is unavailable based on the similarity of the crop growth 
characteristics like LAI, crop height, etc.  
Crop parameters for switchgrass and Miscanthus: In APEX model, the crop 
parameters for switchgrass and Miscanthus are available in the CROPCOMS.dat file. In a 
preliminary model evaluation, the model provided higher yield of the two crops with 
default parameter values than the yield found in literature and values measured at WQFS. 
The reason could be that the default crop growth parameter value for the two crops might 
not represent climate conditions or crop species typically grown in the Midwest US. In 
WQFS, crop growth parameters were collected and parameterized into SWAT model by 
Elizabeth Trybula and Cibin Raj (Raj, 2013). Some parameters also exist in APEX. With 
the developed parameters, the model provided comparable yield with field study yield at 
WQFS. Thus, these parameters were used in the scenario simulation at St. Joseph River 
watershed. The crop growth parameters modified in the CROPCOMS.dat of APEX are 





Table 3-5 Crop growth parameters modified in the CROPCOMS input table  
Parameter Units Description Shawnee Switchgrass Miscanthus 
WA  Radiation-use efficiency 12 39 
HI  Harvest index for optimal growing condition 1 1 
TOP oC Optimum temperature for plant growth  25 25 
TBS oC Minimum temperature for plant growth 10 8 
DMLA  Maximum potential leaf area index 8 11 
DLAI  Fraction of growing season when leaf area declines 1 1.1 
DLAP1  First point on optimal leaf area development curve 15.01 15.01 
DLAP2  
Second point on optimal 
leaf area development 
curve 
50.85 50.85 
HMX m Maximum crop height 2 3.5 
CNY g/g Fraction of nitrogen in yield 0.0054 0.0035 





3.5.7 Model calibration 
The APEX model was calibrated at the Matson Ditch watershed for flow and total 
nitrogen. The measured daily stream flow data from the INSJAXL stations for April to 
mid-November of 2006 and 2007were used for model calibration, and 1 year (2008) for 
model validation. The calibration started with checking crop growth simulations to make 
sure they were growing and provided reasonable yield according to the average yield 
around the area. Then, the hydrologic water balance components were checked using 
APEXChecker software. The ET related parameters (Hargreaves PET coefficient (P23) 
and exponent (P34), and soil evaporation plant cover factor (P17)) were calibrated to 
achieve ET about 60% of the annual precipitation. According to the ET map by USGS, 
ET for the region is approximately 60% of annual precipitation (Matt, 2013). The next 
step was to test equations according to comparison of simulated and observed flow 
hydrographs. The related parameters were calibrated to match measured stream flow at 
watershed outlet. The hydrologic processes in the watershed were heavily affected by tile 
drainage; the drainage component of hydrologic cycle was first adjusted to match the 
suggested level (200 mm) (Douge et al., 2008) of flow from drainage system in this area. 
Three parameters could be used to calibrate tile drainage flow; tile depth, lateral 
hydraulic conductivity and time for drainage to end plant stress. The depth of tile was not 
changed because it was the typical drainage depth in Indiana. Lateral hydraulic 
conductivity estimation (P83) and time for drainage system to end plant stress in days 
were used to adjust flow from tile drainage. The baseflow parameters were then 




portion (RFPO). The Surface flow was finally calibrated with saturated conductivity 
adjustment factor (SATO).  
The stream flow calibrated model was further calibrated for total nitrogen 
simulation. Nitrogen monthly load data estimated from sub-daily concentration data and 
stream flow (Chelsie, 2013) was used in this study as observed data for calibration. The 
measured concentration data was timed by flow data of the corresponding day. Then, the 
load value at one time point was aggregated to get daily load. The daily load was then 
converted to monthly value and used in the calibration. Nitrogen loss processes 
representation in the model was complex and the calibration started with analyzing each 
component in the nitrogen cycle. This was conducted using APEXChecker software. In 
addition, graphical comparison between measured and observed monthly nitrogen data 
was conducted to help understand the simulation and provide directions for nitrogen 
simulation calibration. Volatilization/nitrification portioning coefficients (P74) controlled 
the amount of nitrogen loss through volatilization. Nitrogen fixation coefficient (P7) 
determined the efficiency of nitrogen fixation between the status of meeting plant 
requirement and the status of nitrogen fixation being limited by water and nutrient 
availability. Biological mixing efficiency (P29) adjusted the degree of mixing in top soil 
by worms. Partitions of nitrogen flow from ground water (P74) determined the 
concentration of nitrogen in the horizontal flow (return subsurface flow). These for 
parameters were adjusted in the calibration of total nitrogen. The parameters selected for 
hydrology and TN calibration and calibrated parameter values are provided in Table 3-6 





The model was calibrated and validated for stream flow and nutrient loss using 
coefficient of determination (R2) and the Nash-Sutcliffe efficiency (NSE) (Equation 3.28) 
as the objective function.  
NSE = 1 −
∑ (Oi − Pi)2ni=1
∑ (Oi − O�)2ni=1
                           (Equation 3.28) 
where Oi represents the observed data for day i, O� represents the mean of observed data, 





Table 3-6 Parameters used in flow calibration 










0 to 4 4 0 
When IET equals 








0 to 4 1 0 
When INFL 
equals to 1, the 
model calculates 
surface runoff 
using Green & 
Ampt method. 
Rainfall will be 
exponential 
distributed, and 
peak rainfall rate 
were simulated. 
IDR Drainage depth in mm 0 to 2500 mm 1000 0 
Typical drain 














0 to 365 1.6 days 0 
Calibrated; When 
RFTO was set as 
0, the model will 
assign 10 to this 
parameter. 






0.01 to 10 0.70 1.0 
When SATO was 
reduced, only 
peaks of flow 





1.5 to 2.5 2.5 2.5 
When P12 was 






0.00 to 0.5 0.05 0 
Model result was 
very sensitive to 











0.0032 0.00255 0.0032 
P23 was used to 
gradually adjust 
ET. When P23 







0.5 to 0.6 0.5 0.6 
P34 = 0.6 
provides higher 









0.1 to 10 10.0 0 
This value 
governs the rate 
of tile drainage 
flow. When P83 
was increased, 
TD was also 
increased. In this 
area, tile drainage 
was very high in 
total stream flow. 
While, DRT and 
IDR could not 
provide adequate 
tile drainage flow. 
That’s why I had 








Table 3-7 Parameters used in total nitrogen calibration 






P7 Nitrogen fixation coefficient 0-1 0.1 0.9 
P29 Biological mixing efficiency 0.1-0.5 0.45 0.2 
P72 Volatilization/nitrification partitioning coefficient 0.05-0.5 0.1 0.4 






3.5.8 Simulation at St. Joseph River watershed 
The calibration of model with multiple model simulations was very difficult for St. 
Joseph River watershed as the model was developed with maximum possible details. 
Thus, the calibrated parameters from the Matson Ditch watershed which is located in St. 
Joseph River watershed were applied to the St. Joseph River watershed simulation. The 
two watersheds had similar land cover and soil characteristics. Only subarea level 
parameters were calibrated for Matson ditch watershed and were transferred to St. Joseph 
River watershed model. Parameters related to routing were not included in the calibration. 
The total simulation period was 15 years (1995 to 2009).  
The APEX models for individual fields in each of 39 subbasins in the watershed 
were setup and the simulation was conducted for each subbasin. For each simulation, the 
annual subarea (field) summary table was printed by model. Area weighted average 
values for the interested output variables at watershed level were calculated with a python 
script. Variables selected include water yield (WYLD), surface runoff (Q), 
evapotranspiration (ET), return subsurface flow (RSSF), quick return flow (QRF), flow 
from drainage system (QDR), soil loss (MUSL), nitrogen in surface runoff (QN), 
nitrogen in sediment (YN), nitrogen in return subsurface flow (RSSF), nitrogen in quick 
return flow (QRFN), nitrogen in drainage flow (QDRN), phosphorus in runoff (QP), and 
phosphorus in sediment (YP). Variables QN, QRFN, QRFN, and QDRN were added to 
get soluble nitrogen 
After the model simulations for all subareas (fields) in the watershed were 
completed, the simulation was summarized at subbasin level (equation 3.29) first and 




results for the first 3 years (1995, 1996, 1997) were excluded from the analysis as the first 
3 years were considered as warm up years for the simulation. In order to keep the 
comparability, the results for these 3 years of current land cover types were also excluded.  
Vsubawa =  
Afield1 ∗ Vfield1 + Afield2 ∗ Vfield2 + ⋯+ Afieldn ∗ Vfieldn
Afield1 + Afield2 + ⋯+ Afieldn
      (Equation 3.29) 
 
Vwatershedawa =  
Asub1 ∗ Vsub1 + Asub2 ∗ Vsub2 + ⋯+ Asubn ∗ Vsubn 
Asub1 + Asub2 + ⋯+ Asubn
    (Equation 3.30) 
where Vsubawa  and Vwatershedawa  represents area weighted average values at subbasin 
level and watershed level, respectively. Afieldi  and  Vfieldi is the area and variable value 
for each field, respectively. Asubi  and  Vsubi means the areas and variable values for each 
subbasin, respectively. 
For scenario analysis, the variables from the baseline and from the switchgrass 





∗ 100          (Equation 3.31) 
where, %relative  represent the relative change of one output variable before and after 
converting to switchgrass and Miscanthus scenario, Vclcand Vsw/mc  represent the area 
weighted average variable value over all marginal land fields, or over all fields in the 
watershed under current land cover (CLC) and under switchgrass or Miscanthus, 
respectively. 
Yield total biomass was also summarized from each field on marginal land. Yield 




from each field, total biomass from all marginal land was calculated from the ACY files 











CHAPTER 4. RESULTS AND FINDINGS  
4.1 Marginal land availability 
The area of available marginal land was used in predicting total biomass and 
bioethanol that could be produced from marginal lands in the study watershed. The areas 
of available marginal land in the St. Joseph River watershed under different criteria are 
detailed in Table 4-1. The maximum potential marginal land available in the watershed 
with combination of all the scenarios considered was about 641.1km2 or approximately 
22.6% of the total watershed area.  
The distribution and available area for the three types of marginal land with 
cropland and grassland LCC 3 and 4, riparian area marginal land and forest area marginal 
land are shown in Figure 4-1, Figure 4-2, and Figure 4-3, respectively. In Type 1 
marginal land, total area of grassland that has LCC 3 and 4 in the watershed was 230.1 
km2 or about 8.1% of the watershed area. The cropland with LCC 3 and 4 covered area of 
255.5 km2 or about 9.0% of the whole watershed area. As shown in Figure 4-1, this type 
of marginal land was very fragmented. Some of them were as small as about 900 m2, 
which equals the smallest unit in NASS data layer. This would bring some practical 
difficulties in growing bioenergy crops in these small fragmented areas. For example 
more labor and time for machine operation would be required to plant and harvest 




Table 4-1 Areas of each kind of marginal land in the St. Joseph River watershed 







 Area of St. Joseph River watershed 
2, 832  
Type 1 GLCC Grassland that with LCCs 3 and 4 230.1 8.13 
 CLCC Cropland that with LCCs 3 and 4 255.5 9.02 
Type 2 B10 Riparian with buffer width of 10 meters 1.4 0.05 
 B25 Riparian with buffer width of 25 meters 6.2 0.22 
 B50 Riparian with buffer width of 50 meters 12.4 0.44 
 B100 Riparian with buffer width of 100 meters 31.9 1.13 
Type 3 F 50 meter belt of Forest land at the edge of corn and soybean land  123.6 4.37 















Figure 4-2 Riparian areas with 10 meter width along streams in the St. Joseph River 
watershed. The maps for areas with width of 25m, 50m, and 100m were not displayed 











However, larger land parcels were almost already engaged in producing other agricultural 
crops and would require replacing current crops if bioenergy crops were to be produced 
in these fields.  
Type 2 marginal lands were identified as riparian areas along streams (Figure 4-2). 
These marginal lands were more consistent than Type 1 marginal land, except that the 
consistency was interrupted by existing forest land and developed land along streams. 
Four scenario widths were defined in this type of marginal land identification. The total 
area of Type 2 marginal land was small compared to Type 1 marginal land. The total area 
of the widest riparian was 31.9 km2. As shown in Figure 4-4, over 90% of area under 
these four scenarios consisted of cropland and grassland. Because these marginal lands 
are located along streams, the impact on hydrology and water quality would be 
potentially more sensitive to management practices on these lands than on marginal lands 
located farther from the streams. The management practices on these lands could bring 
both positive and negative effects, greatly depending on the nature of the management 
practices. For example, eroded soil on these lands would enter streams much easier and 
quicker than those from lands located farther upland. On the other hand, the crops 
growing on these riparian lands would help to trap sediments and nutrients coming from 
upland areas. Therefore, the overall impact of using these kinds of marginal land needs 
comprehensive evaluation at both short- and long-term time scales. Perennial grasses in 
Type 2 marginal lands could serve as vegetative riparian buffer and improve water 
quality while providing biomass for biofuels. 
Type 3 marginal lands conversion to biofuel crops might be a plausible scenario 





Figure 4-4 Land use constitution of buffer areas with four different widths. Over 50% of 





St. Joseph River watershed, forestland located in the 50m belt around corn/soybean could 
provide 123.6 km2 lands for bioenergy production. Forest land clearing might be required 
to convert Type 3 marginal land for biofuel production, which raises concern over 
environmental impacts such as on hydrologic cycle and water quality.  
Conversion of marginal land in the watershed for biomass feedstock production 
could impact food crop production. For Type 1 marginal land, cropland with LCC 3 & 4 
covers 23.3% of total corn and soybean area in the watershed. Grassland with LCC 3 & 4 
covers about 30.1% of total current grassland area in the watershed. Grassland in this 
study included pasture, hay, and range. Not all of grassland in the watershed was used for 
grazing. However, conversion of grassland with LCCs 3 and 4 for biomass production 
could affect grazing for the area. For Type 2 marginal land, great portion (over 90%) of 
buffers were cropland (both prime and marginal cropland) and grassland (Figure 4-4). 
Because of the smaller total area of the buffers, the reduction of cropland and grass land 
would be very small. For Type 3 marginal land, forest land located within 50 m of current 
corn and soybean land covers 23.5% of total forest areas in the watershed. The 
conversion of such high percentage of forest land in the watershed could cause significant 
impacts on the total area of forest and its related ecological functions. Thus, special 
attention should be paid when Type 3 marginal land are converted to the growth of 
biomass feedstock.  
In the identification of marginal land in our study, a different definition and 
criteria was used in respect of other studies for marginal land identification. For type one 
marginal land, studies have been focusing on cropland and grassland. However, Cai et al., 




productivity, topography, soil temperature regime, and humidity index. While 
Gopalakrishnan et al., (2011) identified marginal land through various combinations of 
several soil properties for specific research aspects (soil health, environment, and 
economic). LCC has been used by Gelfand et al., (2013) but class 5 to 7 was selected, 
instead of 3 to 4 in this study. There were also studies identifying marginal land by 
specifying land conditions, such as abandoned land (Campbell et al., 2008) and degraded 
land (Nijsen et al., 2012). As mentioned in the introduction part, marginal land definition 
varied and had been proposed for specified research purposes. In our study, LCC with 3 
and 4 was selected because they are considered more suitable in terms of their indication 
for alternative cultivation options of land. Class 5 to 7 was not selected because they are 
not suitable for cultivation suggested in the Agriculture Handbook 210. As to type 2 
marginal land, Gopalakrishnan et al., (2008) made the suggestion of growing biomass 
crops in buffer areas. Cibin (2013) adopted this type of marginal land in his research as 
one type of Best Management Practices (BMP). Type 3 marginal land was proposed for 
investigating purposes and deforestation might happen with increased pressure from land 





4.2 Switchgrass and Miscanthus yield 
4.2.1 Field study yield from literature 
Field trial experimental data for switchgrass and Miscanthus in the U.S. from 
different field studies were collected and mapped to identify representative yield values 
for the study area. Published data were available at 37 sites for switchgrass in the U.S., 
with 15 of them located in the Midwest area (Figure 4-5). Published Miscanthus field 
study yield data were available at 9 sites in the U.S. with 6 of them located in the 
Midwest area (Figure 4-6). As shown in the two figures, the closest site to the study site 
for switchgrass and Miscanthus was the WQFS located in north central Indiana. The 
biomass yield values obtained from WQFS for switchgrass and Miscanthus were used in 
this study for biomass production estimation as the representative field study yield value. 
The average yield value at WQFS were 10.5 Mg/ha for Shawnee switchgrass (Table 4-2), 
and 19.8 Mg/ha for Miscanthus (Table 4-3).  
The mean yield of lowland ecotype switchgrass was inherently higher than upland 
species in the Midwest area (Downing et al., 2011). However, in the Midwest area, the 
cultivation of lowland ecotype switchgrass might not be currently possible due to a lack 
of winter hardiness (Baskaran et al., 2010). For upland switchgrass ecotype, the yield for 
Shawnee switchgrass, achieved at WQFS was a litter higher than the average yield for the 
upland ecotype switchgrass reported for the Midwest U.S. and the whole U.S. There were 
also higher yield from Shawnee achieved in other states in the Midwest area. However, as 
mentioned in the literature review, switchgrass yield would be influenced by many 
factors. The average Miscanthus yield at the WQFS was a little lower than the average 





Figure 4-5 Distribution of sites where field experiment for switchgrass available in the 
U.S. Yield data from Water Quality Field Station was selected because this is the closest 





Table 4-2 Switchgrass field study yield (Mg/ha) value summarized at the Midwest area 
Ecotypes Cultivars Mean Max Min STD2 Obs1 WQFS
3 
yield 
Lowland Alamo 14.1 20.4 9.8 4.6 4  
 Kanlow 13.1 13.1 13.1 NA 1  Upland Cave-In-Rock 9.3 23.0 2.4 4.8 44  
 Shawnee 9.7 17.3 2.4 3.3 45 10.5           1: Number of field values included in the calculation 
      2: STD: Standard deviation 






Figure 4-6 Miscanthus field trial experiment in the U.S. As for the switchgrass, yield data 






Table 4-3 Miscanthus field study yield (Mg/ha) value from both the Midwest and the 
whole U.S continent 
 Mean Max Min STD1 Obs WQFS yield  
Midwest 
area 28.5 60.8 6.5 13.1 33 19.8 
U.S 24.5 60.8 4.9 14.2 42  




variation was very large, from 4.9 Mg/ha to 60.8 Mg/ha in the whole U.S, and from 6.5 
Mg/ha to 60.8 Mg/ha in the Midwest area. The higher and lower yield values were 
achieved at different locations, under different climatic condition, land qualities, and 
management practices. The variations of the yield value for these two perennial grasses 
were not accounted for in this study, which eliminated the consideration of different field 
characteristics effects on yield. Since field study yield of both grasses are limited, the 
yield values from WQFS were used in this study, which would provide general 
productivity that might be achieved in the area. 
4.2.2 Simulated yield on marginal land 
Simulated yield from APEX model for switchgrass and Miscanthus are provided 
in Table 4-4. The average yield of switchgrass ranged from 8.3 to 8.5 Mg/ha, and of 
Miscanthus was 9.6 to 10.5 Mg/ha across years and across fields for different scenarios. 
Simulated average switchgrass yield was about 2 Mg/ha lower than WQFS field study 
yield and 1 Mg/ha lower than the average yield from field studies in the Midwest area. 
The maximum simulated switchgrass yield (11.4 to 11.5 Mg/ha) was lower than the field 
study average maximum yield (17.3 Mg/ha) in the Midwest area. Standard deviation of 
simulated yield (0.6-1.1 Mg/ha) was smaller than field study yield (3.3-4.8 Mg/ha). The 
average simulated yield for Miscanthus (9.6 to 10.5 Mg/ha) was about half of average 
field study yield at WQFS (19.8 Mg/ha) and 1/3 of the reported study field yield in the 
Midwest area (28.5 Mg/ha). The minimum and maximum simulated Miscanthus yield 
(2.0 to 2.7 Mg/ha and 41.9 to 43.7 Mg/ha, respectively) were much lower than minimum 
and maximum field study yields (6.5 Mg/ha and 60.8 Mg/ha) reported in the Midwest 




studies are achieved on some fields in some year. The similar standard deviation value 
for both simulated and field study yield indicated that the model captured the variability 
of Miscanthus yield. 
Detailed analysis of yield distribution across all marginal land fields (Figure 4-7) 
showed that majority of the fields at different scenarios produce 8 to 10 Mg/ha 
switchgrass, and 8 to 14 Mg/ha Miscanthus. Switchgrass yield from most fields are close 
to average field study yield in the Midwest US and at WQFS indicating the growth of 
switchgrass are mostly not affected by growing on marginal land. The same results have 
been reported by Wullschleger et al. (2010). Switchgrass yield achieved on land belonged 
to each of the 8 LCC classes were summarized by Wullschleger et al. (2010) and they 
concluded that there was no clear relationship between switchgrass yield and LCC 
(Thomason et al., 2004). Miscanthus yield from most fields were much smaller than 
average field study yield in the Midwest US and at WQFS. Only few fields simulated 
Miscanthus yields near the maximum simulated yield of 29 Mg/ha. However, studies 
about Miscanthus yield were limited and the relationship between Miscanthus yield and 
land quality has not been conducted. 
As mentioned, switchgrass and Miscanthus yield could be affected by many 
factors, including land quality, management practices, and climatic characteristics 
(Wullschleger et al., 2010). Growth simulation in the model also could be affected with 
parameter uncertainties. The impacts of land quality on switchgrass and Miscanthus 
yields could be reflected by the range of switchgrass and Miscanthus yield shown in 






Figure 4-7 Average annual Miscanthus and switchgrass yield distributions for  all 
marginal land fields under various scenarios. CLCC represents cropland with Land 
Capability Class 3&4. GLCC represents grassland with Land Capability Class 3&4. 





on marginal land (Table3-4), the interactions between precipitation and soil properties 
could affect switchgrass growth (Wullschleger et al., 2010). It can also be inferred from 
the results here that Miscanthus suffered the same impacts. Even though the assigned 
radiation use efficiency for Miscanthus was higher (WA in Table 3-5), the average yield 
of Miscanthus was smaller than that of switchgrass. A close check of the model outputs 
indicated that this could be caused by limitation of nutrient availability in the soil. For 
example, the comparison was made between one field with higher Miscanthus yield (20.9 
Mg/ha) and one field with low Miscanthus yield (12.2 Mg/ha). The soil of the field with 
low yield had high sand content and could not hold nutrient. Miscanthus growth suffered 
N stress in this field. In addition, Miscanthus on the low yield field suffered more P stress 
(average 45.8 days per year) than fields with high yield (average 31.4 days per year). This 
indicated the nutrient stress was critical in low yield areas. In this study, the management 
practices for switchgrass and Miscanthus were assumed same across all fields. For both 
crops, 28 kg N/ha N fertilizer was applied instead of 56 kg N/ha. 56 kg N/ha was the 
fertilization rate used at WQFS and close suggested N fertilization rates (65 kg N/ha 
recommended by Haque et al. (2009)) It was found that 56 kg N/ha was an over-
fertilization rate for switchgrass. The comparison between yield under 28 kg N/ha and 56 
kg N/ha indicated both switchgrass yield and Miscanthus yield was not affected 
(Appendix H). As mentioned in the introduction section, relationship between N 
fertilization rate and switchgrass yield was not clear in existing studies (Muir et al., 2001, 
Thomason et al., 2004, Mulkey et al., 2006, Lemus et al., 2008). Even though N stress 
was experienced by Miscanthus in some fields, the stress is not same for all fields. This 




field possibly because of the soil properties. Higher fertilizer rate might be needed by 
fields. However, in the model, only one management practice is input to all fields. 
As to parameter uncertainties, Trybula et al. (2013) developed switchgrass and 
Miscanthus crop growth parameters for SWAT model based on WQFS measured data, 
and values reported in literature. These parameters were directly adopted in APEX model 
given the assumption that crop growth model in both SWAT and APEX model were 
adapted from EPIC model. However, Trybula et al. (2013) also did a few modifications 
in crop growth algorithms to increase representation of growth curves of these two 
perennial grasses. These model modifications were not incorporated to APEX model 
because currently APEX is a black box model and the calculation theory is not flexiable 
for modification by model users. In addition, the crop growth model representations in 
APEX model and SWAT model could be improved/modified at different stages of model 
development even though the base crop growth model is from EPIC model. Thus the 
parameter sensitivity to model output might be different for these two models. This 
induces another type of uncertainty in crop yield estimation as the parameters used are 
from Trybula et al. (2013). A more detailed parameter estimation study is required 
specifically for APEX model to have better representation of switchgrass and Miscanthus 
growth. 
The uncertainties in yield estimation of the two perennial crops will also cause 
unintended impacts on the following analysis of hydrologic/water quality. For example, 
the lower simulated yield will reduce the amount of nutrient uptake, thus increase the 
amount of nutrient loss. In addition, more erosion might happen because of smaller 




whether the lower yield was a model limitation or a true representation of crop yield in 





Table 4-4 Simulated yield, total biomass, and bioethanol production potential from 





















SGLCC 8.3 11.4 4.5 0.5 189,145 35.8 60.85(16.08) 
SClCC 8.3 11.4 4.7 0.6 207,309 39.2 66.45(17.61) 
SB10 8.4 11.5 4.2 0.6 1,207   SB25 8.3 11.5 3.3 0.6 5,291   SB50 8.3 11.5 3.3 0.7 10,614   SB100 8.2 11.5 2.6 0.7 27.059 5.1 8.70(2.30) 
SFOREST 8.3 11.4 3.7 1.2 104,967 19.7 33.77(8.92) 
Maximum potential biomass  
(combination scenario with 100 m buffer) 528,481 
 170.03(44.92) 
MGLCC 10.1 43.7 2.1 2.4 243,666 36.1 78.39(20.71) 
MCLCC 10.2 43.7 2.1 2.5 264,319 39.1 85.04(22.47) 
MB10 10.6 41.9 2.7 2.9 1,492   
MB25 10.3 41.9 2.1 2.7 6,421   
MB50 10.0 41.9 2.1 2.6 12,751   
MB100 9.6 41.9 2.0 2.5 31,673 4.7 10.19(2.69) 
MFOREST 10.9 42.8 2.0 3.9 135,219 10.0 43.50(11.49) 
Maximum potential biomass  
(combination scenario with 100 m buffer) 674,878 
 217.13(57.36) 
GLCC: grassland with LCC 3&4, LCC represents Land Capability Class. CLCC: 
cropland with LCC 3&4. B10, B25, B50, B100: Buffer of 10 m, 25m, 50m, and 100m 
width. FOREST: forest located within 50 buffer of current corn and soybean land. S-: 
switchgrass growing on each type of land. M-: Miscanthus growing on each type of land. 




4.3 Bioethanol production potential from marginal lands 
The estimation of biomass and ethanol production would provide important 
information about contribution of marginal land to bioenergy development in the study 
watershed. Table 4-4 and Table 4-5 provide the potential biomass production and ethanol 
production for each of projected scenario based on APEX model simulated yield value 
and representative field study yield value, respectively. Total simulated biomass from 
switchgrass and Miscanthus was about half of the biomass calculated using field study 
yield value. APEX model estimated maximum bioethanol production potential from the 
marginal lands identified in the watershed as 170 (45) and 217 (57) million liter (million 
gallons), respectively from switchgrass and Miscanthus scenarios. These simulated 
values indicate growing switchgrass in marginal land in the watershed could not produce 
adequate biomass to support a medium size cellulosic ethanol biorefinery with 189 (50) 
million litter (million gallons) per year. The watershed can support the assumed 
biorefinery with Miscanthus grown on all possible marginal land in the watershed. 
According to the total bioethanol amount calculated using the representative field study 
yield (10.5 Mg/ha for switchgrass, and 19.8 Mg/ha for Miscanthus), there is potentiality 
for switchgrass and Miscanthus to provide higher yield and thus more bioethanol form 
marginal land in this watershed.  
The biomass and biofuel productivity estimation in the study depended on three 
factors: total cultivation area, biomass yield, and bioethanol yield. The bioethanol 
potential estimations in the study were affected by the uncertainties from these three 
elements. As to the uncertainties from land areas, the majority of total marginal land 




Table 4-5 Potential biomass and ethanol production for each scenario at the St. Joseph 
River watershed calculated with field study yield value 
Scenario Biomass (Mg) 
Bioethanol 
(Million Liter  
(Million Gallon)) 
SGLCC 241,633 77.74(20.5) 
SCLCC 268,305 86.32(22.8) 
SB10 1,464 0.47(0.1) 
SB25 6,463 2.08(2.8) 
SB50 13,004 4.18(1.1) 
SB100 33,501 10.78(2.8) 
SF 129,812 41.76(11.0) 
Total (with Buffer 
100) 694,182 223,34(59.0) 
MGLCC 455,650 146.59(38.7) 
MCLCC 505,947 162.78(43.0) 
MB10 2,760 0.89(0.2) 
MB25 12,187 3.92(1.0) 
MB50 24,522 7.89(2.1) 
MB100 63,174 20.32(5.4) 
MF 244,787 78.75(20.8) 
Total (with Buffer 
100) 1,309,028 421.15(111.3) 
1. Biomass production was calculated based on the yield achieved at WQFS, Purdue 
University, West Lafayette, IN, U.S. The switchgrass and Miscanthus yields were 
10.5 Mg/ha and 19.8 Mg/ha, respectively.  
2. Ethanol production was calculated based on the assumed bioethanol conversion 
rate at 85 gallon/Mg dry biomass. 
3. GLCC: grassland with LCC 3&4, LCC represents Land Capability Class. CLCC: 
cropland with LCC 3&4. B10, B25, B50, B100: Buffer of 10 m, 25m, 50m, and 
100m width. FOREST: forest located within 50 buffer of current corn and 
soybean land. 
4. S-: switchgrass growing on each type of land. M-: Miscanthus growing on each 





and Type 2 (with 100 m buffer) marginal land can  provide 136 (36) million liter (million 
gallon) bioethanol from switchgrass, and 174 (46) million liter (million gallon) 
bioethanol from Miscanthus. However, Type 1 and Type 2 marginal land areas were 
fragmented, as mentioned above, some fields are too small to be worthy of conversion. A 
preliminary analysis showed that 9,340 fields out of 15,315 field plots of cropland with 
LCC 3 and 4 have areas smaller than 1 ha. The total area of the 9,340 field plots is 36.5 
km2, about 15% of total area (255.5 km2) of cropland with LCC 3 and 4. Current study on 
identifying marginal land for biomass production mainly focused on the total area. To the 
author’s knowledge, no study has been conducted analysis on what should be a minimum 
plot size for switchgrass and Miscanthus cultivation. Further analysis is required to assess 
the minimal feasible field size that could be cultivated for biomass crops in an economic 
and environmental sustainable way. The land plots that were smaller than the minimal 
plot size would need to be eliminated in the calculation and the total marginal land and 
biomass production potential would be smaller. The current study used LCC3&4 from 
SSURGO database to identify marginal land. Farmers could have implemented some 
conservation practices in these marginal land areas which could actually convert these 
area into non-marginal land. However, these information was not included in SSURGO 
database. The current study did not include changes of marginal land caused by these 
conservation practices because of such data were limited.  
 The calculation of total bioethanol amount from biomass may also been affected 
with uncertainties from biomass yield estimation. In the calculation, two methods were 
used in the estimation of total biomass production from marginal land. One was the use 




switchgrass and Miscanthus from WQFS. The use of simulated yield accounted for 
effects of field characteristics variation on yield. However, as mentioned, it suffered 
uncertainties from crop growth parameters in the model, which required further 
validation. The use of field study yield from WQFS reflected the real growth condition 
but failed to account for the effects of field characteristics variations.  
The third element of uncertainty was the bioethanol yield from different biomass 
feedstock. The study used ethanol conversion rate of 85 gal/dry-ton-biomass as used in 
the Billion Ton Update (Downing et al., 2011). Heaton et al (2008) and Schmer et al. 
(2008) used 100 gal/dry-ton-biomass in their estimation of biofuels from Miscanthus. 
However, this value came from a DOE report (DOE, 2006), in which no specific biomass 
sources were provided. Compared the theoretical ethanol yield (TEY) at about 92 gallon 
per Mg of dry switchgrass calculated by Monono et al. (2013), the value used by Heaton 
et al. (2008) and Schmer et al. (2008) were relatively higher, and might be hard to be 
achieved under current bioethanol conversion technologies (Monono et al., 2013). 
Besides these high conversion rate value, conversion rate at 80 gallon per Mg of dry 
biomass was also reported in the same DOE report (DOE, 2006) at South Dakota. 
According to these reported bioethanol conversion, 85 gallon per Mg of dry biomass was 
assumed to be practical under current technologies. The calculation based on this value 
could provide an achievable bioethanol production from the biomass in the study 
watershed. 
Currently, the estimation of total biofuel production was conducted with two 
methods. The first methods was using uniform yield of biomass species (Cai et al., 2010, 




using estimated yield value with models, either simple linear models (Wullschleger et al., 
2010) or crop growth model (Allison et al., 2009). This is the first study that combines 
the two methods and reviewed the difference of biofuel production estimation from two 
methods at the same watershed. The results in this study revealed the sources of 
uncertainties in the estimation using uniform field method. In addition, the crop growth 
model was improved by adopting measured crop growth parameter values, even though 
there are still great uncertainties, especially for Miscanthus simulation. 
4.4 Model calibration results 
Impacts of bioenergy crop production on hydrology and water quality were 
evaluated using APEX model. The results are presented and discussed in the following 
sections. The results were evaluated at both marginal land and whole watershed scales. 
The results at marginal land scales include the area weighted value of variables on only 
marginal land subareas. The results at watershed scale include area weighted value of 
variables on both marginal and non-marginal subareas. The calculation was made with 
simulations from 1998 to 2009. The first 3 years of simulation was considered as 
warming up years for the model to achieve stable results.  
The APEX model at Matson Ditch was calibrated for flow with measured 2006 
daily streamflow, and validated with measured 2007 and 2008 daily streamflow. The 
calibration was conducted for only one year due to lack of long-term measured data. 
Daily measured flow data was available only from April to early November. For 





Figure 4-8 Time series plot of observed and simulated flow at Matson Ditch watershed 






Figure 4-9 Time series plot of observed and simulated total nitrogen (TN) loading rate at 






combining 2007 and 2008 data. As shown in Figure 4-8, the simulated flow matched the 
magnitude and trend of the observed flow. R2 and NSE value were both over 0.5 for 
calibration and validation periods. The calibration for daily flow was considered 
acceptable based on the ranges of R2 and NSE suggested by Moriasi et al. (2007) and 
Engel et al. (2007). The model was calibrated for total monthly nitrogen load (Figure 4-9). 
The monthly calibration results of total N was considered acceptable according to 
rangesranges suggested by Moriasi et al. (2007) and Engel et al. (2007). The calibrated 
parameters (Table 3-6 and Table 3-7) estimated from Matson ditch watershed were used 
in St. Joseph River watershed to study the impact of perennial biofuel crop production 
4.5 Hydrology and water quality impacts 
4.5.1 Impact on hydrology 
The area weighted average annual water yield (WYLD) for all scenarios was 
reduced when the land was converted from current land cover types to both switchgrass 
and Miscanthus at marginal land scale(Table 4-6). The changes were statistically 
significant (P<0.05) for all scenarios. The percentage change of area weighted average 
WYLD reduction on marginal land ranged from 16% for scenario MBF to 37% for 
scenario SGLCC (Figure 4-10).  
In order to understand the mechanisms for WYLD changes at marginal land scale, 
a detailed analysis of impacts on various hydrologic components was conducted (Figure 
4-11). Surface runoff (Q) and quick return flow (QRF) was not affected greatly when 
marginal land was converted to switchgrass and Miscanthus. Evapotranspiration (ET) 
from both switchgrass and Miscanthus increased compared to baseline when all three 




Table 4-6 Average annual impact of biomass production scenarios on area weighted 


















BCLCC 423a 1.44a 2.73a 81.23a 0.62a 0.03a 
SCLCC 333b 0.37b 0.78b 36.48b 0.16b 0.00b 
MCLCC 348b 0.02b 0.15b 6.98c 0.04b 0.00b 
BGLCC 420a 0.28a 0.79a 14.99a 0.14a 0.00a 
SGLCC 317b 0.44b 0.98a 5.72b 0.20a 0.00a 
MGLCC 335b 0.03c 0.25b 1.35c 0.07b 0.00a 
BB10 458a 0.42a 2.33a 34.50a 0.99a 0.03a 
SB10 309b 0.18b 0.92ab 19.90b 0.24b 0.00b 
MB10 340b 0.03b 0.24b 4.23c 0.06b 0.00b 
BB25 456a 0.54a 2.20a 11.84a 0.92a 0.03a 
SB25 314b 0.25b 0.84b 5.49b 0.21b 0.00b 
MB25 344b 0.04b 0.20b 1.24c 0.05b 0.00b 
BB50 455a 0.47a 2.14a 35.42a 0.90a 0.03a 
SB50 315b 0.18b 0.80b 19.17b 0.20b 0.00b 
MB50 344b 0.02b 0.18b 3.75c 0.05b 0.00b 
BB100 457a 0.49a 1.96a 34.03a 0.86a 0.03a 
SB100 317b 0.19b 0.70b 18.53b 0.17b 0.00b 
MB100 346b 0.02b 0.14b 3.44c 0.03b 0.00b 
BF 395a 0.50a 1.03b 2.26a 0.28a 0.00a 
SF 302b 0.36b 1.80a 3.32a 0.58b 0.00a 
MF 330b 0.03b 0.33b 1.96b 0.14a 0.00a 
Tips: The rows that are shadowed represents baseline scenario for each type of marginal 
land. Different letter after the value indicates significant difference (P<0.05) of values 
under current land cover type (baseline scenario) and under switchgrass or Miscanthus, 
respectively. CLCC represents cropland with LCC3&4, GLCC represents grassland with 
LCC3&4, B10, B20, B50, B100 represent buffers with 10, 25, 50, and 100m width. F 
represents forest land located within 10m buffer of current corn and soybean land. B-, S-, 
M- in front of each land type represents baseline, switchgrass growing, and Miscanthus 






Figure 4-10 Average annual impact of marginal land biomass production scenarios on 
area weighted average WYLD (water yield) and water quality at marginal land scale. 
Positive values indicate variable values were increased from baseline scenario. A: 






Figure 4-11 Impacts on hydrologic components under biomass production scenarios on 
marginal land scale. (A) Switchgrass scenarios (B) Miscanthus scenarios. Positive values 
indicate variable values were increased from baseline scenario. WYLD: water yield, Q: 






Return subsurface flow (RSSF) shown in Figure 4-11, which could be caused by the 
depletion of soil water content under switchgrass and Miscanthus scenarios. This analysis 
indicated that changes of ET were the major driver for WYLD changes when the existing 
land use converted to biofuel crops at marginal land scale.  
Higher ET from switchgrass and Miscanthus than ecosystem they replaced (corn/soybean, 
grassland, or other land type) have been reported (McIsaac et al., 2010) and model 
simulation studies (Hickman et al., 2010, Le et al., 2011, Vanloocke et al., 2010, Wu &  
Liu, 2012). ET simulation in the model depended on solar radiation, LAI, transpiration 
rate, and soil moisture content. (Demissie, Yan et al. 2012). A detailed monthly analysis 
is conducted to further investigate the mechanisms why ET from switchgrass and 
Miscanthus is high on major land cover types with one subarea example (Figure 4-12). 
Six fields (Appendix G) that simulated highest average annual switchgrass and 
Miscanthus yields in corn/soybean, grassland, and forest are selected to show various 
aspects of growth processes simulated by APEX model. It should be noted that, in the 
simulation, the field that produces highest average annual switchgrass yield does not 
always produce highest Miscanthus yield. Thus comparisons between 
switchgrass/Miscanthus and baseline land cover types are presented in separate graphs 
(fields). For example, Figure 4-12 A and B are from two different fields, and ET value of 
corn and soybean from these two fields are different. ET comparison with corn/soybean 
and grassland showed that higher annual ET with switchgrass and Miscanthus were 
mainly due to increased ET in early growing season (May and June). Increase of ET 
could be due to the higher LAI values of switchgrass and Miscanthus shown in Figure 




(Figure 4-14) and reduced return subsurface flow (Figure 4-11). Vanloocke et al., (2012) 
and Cibin (2013) also reported increased ET and reduced soil moisture for switchgrass 
and Miscanthus comparing to corn/soybean.  
On type 3 marginal land, ET from forest was lower than from switchgrass or 
Miscanthus (Figure 4-15) for the first six years, and was almost similar rate after that. 
The lower ET value during the first six years draws the total average down, which 
resulted in the low average ET values from forest than from switchgrass and Miscanthus 
shown in Figure 4-11. Trees (Pine) were planted at the first year of the simulation period 
and the LAI values increased with years (Figure 4-16). The gradually increasing forest 
area ET value during the growing season in the first 6 years (before 2001) (Figure 4-15) 
could be mainly caused by the increasing of LAI values. Then the forest area ET value 
during the growing season did not increase as former years and stayed stable after 2001, 
although forest area LAI value keeps increasing from year to year. For years after 2001, 
ET was probably be limited by the availability of soil water content (Figure 4-17). The 
soil water limitations were also applicable to switchgrass and Miscanthus. ET values 
during the growing season were not higher than ET from the forest, even though the LAI 
of these two grasses were larger than forest LAI values. Thus, in the long run (after 6 







Figure 4-12 Average monthly analysis of energy crop impacts on ET in one of 
corn/soybean and pasture field (or one subarea in APEX). Corn and Soybean were 
included in CLCC scenario (A and B). Grassland was included in GLCC scenario (C and 







Figure 4-13 Average monthly analysis of energy crop impacts on LAI in one 
corn/soybean and pasture field (or one subarea in APEX). Corn and Soybean were 
included in CLCC scenario (A and B). Grassland was included in GLCC scenario (C and 







Figure 4-14 Average monthly analysis of energy crop impacts on Soil Moisture in one 
corn/soybean and pasture field (or one subarea in APEX) Corn and Soybean were 








Figure 4-15 Monthly analysis of energy crop impacts on ET in one forest field (or one 
subarea in APEX) under baseline scenario and when the subarea was converted to 
switchgrass (A) and Miscanthus (B). The ET for forest were small before 2001. Then, ET 






Figure 4-16 Monthly analysis of energy crop impacts on LAI in one forest field (or one 
subarea in APEX) under baseline scenario and when the subarea was converted to 






Figure 4-17 Monthly analysis of energy crop impacts on Soil moisture in one forest field 
(or one subarea in APEX) under baseline scenario and when the subarea was converted to 





The WYLD at the watershed level was reduced with switchgrass and Miscanthus 
but not statistically significant (Table 4-7) for all scenarios. However, statistical analysis 
could be affected by the sample size and variances. In this study, WYLD from marginal 
land varied greatly from field to field and from year to year. The actual value of WYLD 
from type1 and type3 marginal land showed total water yield at whole watershed scale 
were reduced by 7mm (SCLCC) to 15 (SGLCC). The APEX model results were similar 
to SWAT model simulations by Cibin (2013) and Vanloocke et al (2010), where both 





Table 4-7 Average annual impact of biomass production scenarios on area weighted 


















BCLCC 408a 0.85a 2.18a 22.89a 0.78a 0.025a 
SCLCC 401a 0.75a 2.00a 21.87a 0.73a 0.022a 
MCLCC 402a 0.71a 1.93a 18.96a 0.72a 0.022a 
BGLCC 408a 0.85a 2.18a 22.89a 0.78a 0.025a 
SGLCC 393a 0.83a 2.06a 22.03a 0.66a 0.021a 
MGLCC 394a 0.80a 1.98a 21.64a 0.65a 0.021a 
BB10 408a 0.85a 2.18a 22.89a 0.78a 0.025a 
SB10 408a 0.85a 2.18a 22.76a 0.78a 0.025a 
MB10 408a 0.85a 2.18a 22.75a 0.78a 0.025a 
BB25 408a 0.85a 2.18a 22.89a 0.78a 0.025a 
SB25 407a 0.85a 2.18a 22.73a 0.78a 0.025a 
MB25 407a 0.85a 2.19a 22.69a 0.78a 0.025a 
BB50 408a 0.85a 2.18a 22.89a 0.78a 0.025a 
SB50 406a 0.85a 2.18a 22.73a 0.78a 0.025a 
MB50 407a 0.85a 2.18a 22.65a 0.78a 0.025a 
BB100 408a 0.85a 2.18a 22.89a 0.78a 0.025a 
SB100 405a 0.85a 2.18a 22.66a 0.77a 0.025a 
MB100 405a 0.85a 2.17a 22.47a 0.77a 0.025a 
BBF 408a 0.85a 2.18a 22.89a 0.78a 0.025a 
SF 394a 0.82a 2.19a 22.89a 0.78a 0.025a 
MF 394a 0.81a 2.18a 22.89a 0.78a 0.025a 
Tips: The rows that are shadowed represents baseline scenario for each type of marginal 
land. Different letter after the value indicates significant difference (P<0.05) of values 
under current land cover type (baseline scenario) and under switchgrass or Miscanthus, 
respectively. CLCC represents cropland with LCC3&4, GLCC represents grassland with 
LCC3&4, B10, B20, B50, B100 represent buffers with 10, 25, 50, and 100m width. F 
represents forest land located within 10m buffer of current corn and soybean land. B-, S-, 
M- in front of each land type represents baseline, switchgrass growing, and Miscanthus 






4.5.2 Impacts on soil erosion 
The soil erosion at marginal land scale was reduced cropland of type 1, type 2, 
and type 3 marginal land were converted to switchgrass and Miscanthus (Table 4-6, 
Figure 4-10). When grassland was converted to switchgrass, soil erosion was increased, 
while converted to Miscanthus, soil erosion was reduced. The changes were statistically 
significant (P<0.05) for all scenarios. When marginal lands were converted to 
switchgrass and Miscanthus, the area weighted average erosion reduction from baseline 
scenario ranged from 27% for scenario SBF to 98% for scenario MCLCC (Figure 4-10). 
Reductions in soil erosion from switchgrass were consistently smaller than Miscanthus 
for all scenarios evaluated in this study. 
Erosion was expected to be reduced by converting land from annual row crops to 
perennial crops production (Demissie, Yan et al. 2012, Wu and Liu 2012), because of 
better soil cover provided by these perennial grasses (Raj, 2013). Soil erosion in the 
model was calculated using MUSLE (Modified Universal Soil Loss Equation) (Williams, 
1975) in which surface runoff rate and peak runoff rate were a component of erosivity 
force. The months of May and September had high rainfall across the study period in the 
watershed (Figure 3-5), which lead to higher potential soil erosion, especially in August 
(Figure 4-18). The majority of erosion was simulated in May and August for the four 
representative land use (corn, soybean, grassland, forest) of the three types marginal land. 
Cover (C) factor in MUSLE equation is another factor affected by land use change from 
current land cover types to switchgrass and Miscanthus. C factor in the model is a 
function of aboveground crop residue, growing biomass, surface roughness factor, and 






Figure 4-18 Average monthly analysis of energy crop impacts on soil erosion in one field 
(or one subarea in APEX) under baseline scenario and when the subarea was converted to 
switchgrass and Miscanthus. A and B: corn/soybean field; C and D: grassland field; E 
and F: forest field. These fields were selected from one of the fields that produce highest 






Figure 4-19 Average monthly analysis of energy crop impacts on C factor in one field (or 
one subarea in APEX) under baseline scenario and when the subarea was converted to 
switchgrass and Miscanthus. A and B: corn/soybean field; C and D: grassland field; E 
and F: forest field. These fields were selected from one of the fields that produce highest 





(averaged at 0.041) was smaller than C factor for corn, soybean and forest (averaged at 
0.142 for corn, 0.077 for soybean, and 0.047 for  forest), but  larger than  C factor of 
grassland (averaged at 0.004). C factor for Miscanthus (averaged at 0.0005) was much 
smaller than all corn, soybean, grassland, and forest. Thus, soil erosion was estimated low 
by the model when cropland LCC 3&4 was converted to switchgrass and Miscanthus. In 
APEX model, tillage could also affect soil erosion by changing surface roughness and the 
amount of crop residue (Willams, Izaurralde et al. 2008). The difference in C factor also 
could be a function of tillage operation because switchgrass and Miscanthus in the model 
were managed without tillage operation. When grassland was converted to switchgrass, 
soil erosion was increased because C factor for switchgrass was larger than for grassland. 
When grassland was converted to Miscanthus, low C factor for Miscanthus resulted into 
reduction of soil erosion when grassland was converted. Forest also had higher C factor 
than both switchgrass and Miscanthus, and soil erosion for Type 3 marginal land was 
reduced when converted to the production of these two grasses.  
Raj (2013) reported similar erosion reduction with both switchgrass and 
Miscanthus using SWAT model simulations. A comparison between the two models 
(data not showing here) indicates that the major reason is the initial value of C factor. In 
SWAT model, the user defined initial value of C factor for both switchgrass and 
Miscanthus were considered 0.003 by Raj (2013). However, in APEX model, the variable 
was not user defined. The annual average C factor for switchgrass was approximately 
0.04 and for Miscanthus was 0.0005 according to the output value. Similar C factor value 
were reported by Thomas (2011). Thomas (2011) developed C factor for switchgrass and 




ranged from 0.011 to 0.016 for post established swicghrass, and from 0.0011 to 0.0007 
for post established Miscanthus. Establishment phase in APEX model was not 
represented, thus values for post established plants were selected. C factor from this study 
and from Thomas (2011) were at the same magnitude even though the value was different. 
These two results used similar equations to calculate C factor, which was provided in the 
methodology section. In that equation, biomass was one factor in the function of C factor 
calculation. Since biomass for Miscanthus on the example filed in Figure 4-18 was higher 
than that of switchgrass, this could be one reason that why C factor for Miscanthus was 
much lower than switchgrass and the major reason for greater erosion reduction with 
Miscanthus than that of switchgrass in this study. However, it may be argued that the 
differences in erosion should not be as much as indicated by the model, since land use 
change from pasture to switchgrass or Miscanthus which is essentially grassland. C factor 
varies with different grass types and will be affected by plant density and cultivation 
purpose. The estimated C factor for grassland (Grass species include sophora, erect 
milkvetch, alfalfa and sweetclover) ranged from 0.01 (for erect milkvetch) to 0.004 (for 
sophora) (Zhang et al., 2003). The recommended value for C factor of pasture and range 
are provided for land cover of different percentage (Renard et al., 2000) and the values 
could range from 0.003 for 95 % ground cover and 0.036 for 0% ground cover. The 
comparison between simulated values and these existing values for grassland indicated 
that C factor for switchgrass and Miscanthus both went out of the range recommended 
value for grass. For new crops like switchgrass and Miscanthus, further study are 
required to determine C factor for both of them and field measurement are necessary to 




On watershed scale, the changes of area weighted average erosion were not 
statistically (P<0.05) significantly for all scenarios (Table 4-7). However, when Type 1 
marginal land was converted to both switchgrass and Miscanthus, erosion was reduced by 
2% to 16%. For example, the area weighted average erosion on watershed scale was 
reduced from 0.85 Mg/ha to 0.75 Mg/ha (11% reduction) when corn/soybean was 
converted to switchgrass and to 0.71 Mg/ha (16% reduction) when corn/soybean land 
was converted to Miscanthus. In general, this indicated that soil erosion can be 






4.5.3 Impacts on nutrient losses 
The area weighted average annual mineral and organic nitrogen (N) and mineral 
and organic phosphorus (P) was reduced when cropland with LCC 3&4 of Type 1 
marginal land and Type 2 marginal land was converted from current land cover types to 
either switchgrass or Miscanthus and when Type 3 marginal land was converted to 
Miscanthus at marginal land scale (Table 4-6 and Figure 4-10). When grassland with 
LCC 3&4 were converted to switchgrass, organic N and organic P was increased. When 
Type 3 marginal land was converted to switchgrass, area weighted average annual 
mineral and organic N and organic P was increased; however, mineral P was not changed. 
The changes were statistically significant (P<0.05) for all scenarios.  
Monthly analysis of simulated N in different hydrology component was 
conducted on the six fields (Appendix G) to investigate how total nitrogen was impacted 
by the conversion to switchgrass and Miscanthus. Simulated N in surface flow was 
generally decreased when corn/soybean land was converted to switchgrass (Figure 
4-20AB). When range land use was converted to switchgrass, simulated N in surface 
flow was increased during late growing season (Figure 4-20C). When range land use was 
converted to Miscanthus, simulated N in surface flow was slightly increased during early 
growing season (April to May) and decreased in late growing season (Aug) (Figure 
4-20D). Simulated level of N in surface flow was not changed much when forest 
converted to switchgrass, but was increased when converted to Miscanthus. When 
corn/soybean and range was converted to switchgrass, simulated N in return subsurface 





Figure 4-20 Average monthly analysis of energy crop impacts on N in surface runoff in 
one field (or one subarea in APEX) under baseline scenario and when the subarea was 
converted to switchgrass and Miscanthus. A and B: corn/soybean field; C and D: 
grassland field; E and F: forest field. These fields were selected from one of the fields 




corn or dropped further below grassland during the late growing season. Simulated N in 
return subsurface flow was decreased in whole growing season when corn/soybean and 
range were converted to Miscanthus (Figure 4-21 B and D). When forest was converted 
to switchgrass and Miscanthus, simulated N in return subsurface flow was decreased 
during the early growing season and dropped to the same level during the late growing 
season.  
The major driver of changes in nitrogen loss is the changes of nitrogen 
fertilization rate. On corn/soybean land, N fertilizer was applied in May at rate of 74 
kgN/ha (219 kg/ha Anhydrous Ammonia), but on switchgrass and Miscanthus, the rate 
was 28 kgN/ha (61 kg/ha Urea). The amount of nitrogen fertilizer for switchgrass and 
Miscanthus was referred from Raj (2013). In his study 56 kgN/ha used in WQFS plots is 
an over fertilization rate and 28 kgN/ha could reduce nitrogen loss by not affecting 
switchgrass yield. Thus, 28 kgN/ha is adopted in this study for switchgrass fertilization 
rate. In this study, the same rate is used for Miscanthus scenarios. Preliminary 
simulations (Appendix H) with varying fertilizer rate indicated no significant impacts on 
Miscanthus yield in APEX model. Lower fertilization rate would be beneficial to water 
quality and thus 28 kgN/ha fertilization is also used for Miscanthus instead of 56 kgN/ha. 
The reduction of N fertilizer on switchgrass and Miscanthus compared to corn/soybean 
resulted into the reduction of N in surface flow in April. Simulated N in surface runoff 
from grassland and forest to switchgrass and Miscanthus indicated that fertilization in 
early growing season did not cause change of N in surface flow. However, simulated N in 





Figure 4-21 Average monthly analysis of energy crop impacts on N in surface runoff in 
one field (or one subarea in APEX) under baseline scenario and when the subarea was 






soybean and range was converted to switchgrass, which could probably be caused by N 
fertilizer application.  
The changes of nitrogen in these two hydrology surface and subsurface flow 
components indicated that annual surface runoff nitrogen loss was reduced when 
corn/soybean land in Type 1 marginal land is converted to switchgrass and Miscanthus. 
But surface runoff nitrogen loss was increased during the early stage of the growing 
season when grassland and forest land were converted to switchgrass (Figure 4-20). This 
phenomenon also happened to nitrogen in return subsurface flow on both corn/soybean 
and grassland (Type 1 and Type 2 marginal land). Similar result was also reported by Raj 
(2013). One possible reason could be the nutrient storage in below ground biomass of 
these perennial crops. The stored nutrient reduced the nutrient requirement during the 
early growing stage (Raj, 2013). It could  be inferred from this pattern that: a proper 
fertilization time for switchgrass should be further investigated through field experiment 
to avoid this nutrient loss during early growing stage in both surface runoff and return 
subsurface flow.  
Monthly analysis of the changes of sediment adsorbed nutrients, organic N and 
organic P followed the pattern similar to soil erosion. At marginal land scale, simulated N 
and P in sediment was reduced with corn/soybean conversion to switchgrass and 
Miscanthus (Figure 4-22 A and B, Figure 4-23 A and B). When range land was converted 
to switchgrass, both simulated N and P in sediment was increased (Figure 4-22 C, Figure 
4-23 C) similar to the increase in soil erosion (Figure 4-18 C). When converted to 





Figure 4-22 Average monthly analysis of energy crop impacts on N transported by 
sediment in one field (or one subarea in APEX) under baseline scenario and when the 
subarea was converted to switchgrass and Miscanthus. A: corn/soybean field; B: 






Figure 4-23 Average monthly analysis of energy crop impacts on P transported by 
sediment in one field (or one subarea in APEX) under baseline scenario and when the 
subarea was converted to switchgrass and Miscanthus. A: corn/soybean field; B: 






was converted to switchgrass and Miscanthus, simulated N and P transported by sediment 
was reduced (Figure 4-22 E and F, Figure 4-23 E and F).  
Simulated mineral P, denoted as P in surface runoff in APEX was reduced for all 
scenarios, and the reduction ranged from 50 to 100% in marginal land scale (Figure 4-10). 
Monthly analysis indicated that simulated mineral P was reduced in all scenarios except 
when range was converted switchgrass (Figure 4-24C), because of the increase of soil 
erosion when range was converted to switchgrass. Raj (2013) had reported that mineral P 
changes followed similar trends as water yield. As discussed in the methodology part, P 
simulation in APEX model was a load function, which calculates load as the product of P 
concentration and the amount of water yield. Since water yield was reduced when 
marginal land was converted to switchgrass and Miscanthus, the amount of simulated 
mineral P loss was also reduced. Another point that should be noted is the amount of 
simulation mineral P reduction in marginal land scale. Raj (2013) reported that the 
reduction ranged from 2.4% to 45.6%. The results in this study were about two folds 
higher than the values reported by Raj (2013). The reason for this high percent of change 
may be due to the limited significant numbers provided by the model output. The annual 
average across marginal land fields were extracted from the ASA file, which provided 
variables with 2 numbers after the decimal points. As shown in Figure 4-24, the 
maximum value for P in surface flow from switchgrass and Miscanthus was smaller than 
0.001 kg/ha. These small monthly values can hardly be summarized to get values that 
would be shown with only three significant figures. Thus, the actual values of the mineral 




provided. Zero values were extracted for few scenarios in the calculation resulting in a 





Figure 4-24 Average monthly analysis of energy crop impacts on P in surface flow in one 
field (or one subarea in APEX) under baseline scenario and when the subarea was 






At watershed scale, mineral and organic N and P were all affected when marginal 
land was converted to switchgrass and Miscanthus, but not to statistical significance level 
(Table 4-7). When marginal land was converted to switchgrass and Miscanthus, organic 
N was reduced by from 0% for scenario MB50, SB100 and MF to 11% for scenario 
MCLCC. Mineral N was decreased by from 0% for scenario SF and MF to 17% for 
scenario MCLCC. Organic P was decreased by from 0% for Type 2 marginal land with 
10, 25, and 50m buffer and Type 3 conversion scenarios to 17% for scenario MGLCC. 
Mineral P was reduced by 12% for when cropland with LCC 3&4 were converted to 
switchgrass and Miscanthus, and by 16% when grassland was converted to the two 
grasses. This indicates that nutrient loss from marginal land could generally be reduced 
with switchgrass and Miscanthus, especially when cropland was converted. In addition, 
nutrient loss changes of Type 2 marginal land at watershed scale smaller than changes 






CHAPTER 5.  SUMMARY, CONCLUSIONS, AND REDOMMENDATIONS FOR 
FUTURE RESEARCH  
5.1 Summary 
Although it is generally recommended that marginal land could be a viable 
candidate for growing perennial bioenergy crops to meet the 136 billion liter biofuel goal 
set by EISA, the availability, biomass productivity, and impacts on environment are not 
well understood. The overall goal of this research was to evaluate the viability of 
marginal land for biomass production in a typical agricultural watershed in the Midwest 
US. The specific objectives were to: (1) evaluate the availability of marginal land in the 
study watershed; (2) test whether the biomass feedstock produced from marginal land in 
the study watershed could potentially support a typical small bio-refinery with annual 
capacity of 50 million gallons; (3) evaluate the hydrologic/water quality impacts of 
projected scenarios using APEX model. Two hypotheses were proposed underlying these 
objectives: (1) cultivating switchgrass and Miscanthus on marginal land can provide 
adequate biofeedstock for a cellulosic ethanol bio-refinery with annual capacity of 50 
million gallons in a typical Midwestern watershed. (2) cultivation of switchgrass and 
Miscanthus on marginal lands can potentially improve water quality. 
The study was conducted in the St. Joseph River watershed. Marginal land maps 
were made and total areas were estimated in the watershed. Switchgrass and Miscanthus 




Total biomass was estimated in two ways: (1) biomass was estimated with field 
study  yield values for both crops from literature; and (2) biomass was estimated using 
simulated yields using APEX model. Impacts on hydrology and water quality were 
evaluated using APEX model. The model was calibrated and validated at Matson Ditch 
watershed, a subwatershed of the St. Joseph River watershed. The parameters were then 
transferred to the simulate response of St. Joseph River watershed. Hydrologic variables 
including Water Yield (WYLD), Surface runoff (Q), Return subsurface flow (RSSF), 
Evapotranspiration (ET), and Quick Return Flow (QRF) were evaluated. Water quality 
variables including Nitrogen in surface runoff (QN), Nitrogen in return subsurface flow 
(RSFN), Nitrogen transported with sediment (YN), Nitrogen in quick return flow 
(QRFN), Nitrogen in flow from drainage system (QDRN), Phosphorus in runoff (QP), 
and Phosphorus transported with sediment (YP) were evaluated. The evaluation for 
hydrology and water quality was conducted at both marginal land scale and watershed 
scale. 
5.2 Conclusions 
This study mapped marginal lands in the St. Joseph River watershed. The 
watershed had 641.1 km2 of marginal land (22.6% of whole watershed area) that could 
potentially be used for biomass feedstock production. The marginal land identified 
included three types: cropland and grassland with LCC 3 and 4; land located in the buffer 
area; forest land located around within 50m of current corn and soybean land. The 
conversion of marginal land would impact current land cover types. Cropland and 




cause the reduction in grain production in the watershed and area available for grazing. 
Forest area would be reduced by about 25% with conversion of marginal land.  
The study watershed can produce 45 million gallon bioethanol in case all 
marginal lands were converted to switchgrass and 57 million gallon bioethanol if all 
marginal lands were converted to Miscanthus. The results were calculated based on 
APEX model simulated yield values for switchgrass and Miscanthus in the study 
watershed. Thus if there was a medium size cellulosic bioethanol refinery with annual 
production capacity of 50 million gallon, it could be supported with biomass feedstock 
produced only from marginal land in the watershed. However, switchgrass and 
Miscanthus are not growing well in many fields and the total yield could be potentially 
increased. The calculation here provided a general guidance of the contribution that 
marginal land could make to biofuel development in the watershed and the future 
directions for crop species and management practice development. 
When land cover on marginal land was converted to switchgrass and Miscanthus, 
hydrologic and water quality would be impacted greatly. Generally, converting marginal 
land (all three types of marginal land in this study) to switchgrass and Miscanthus will 
decrease water yield because of higher water consumption through evapotranspiration. 
Switchgrass shows higher evapotranspiration and caused higher water yield reduction 
than Miscanthus because of higher evaporation during the non-growing season. On Type 
3 marginal land, water yield was almost at the same level in the long run before and after 
conversion. Soil erosion for was significantly reduced because of better land cover 
condition and elimination of annual tillage. Miscanthus showed better reduction effects 




model. Soluble and organic Nitrogen and Phosphorus was both reduced when marginal 
lands were converted to switchgrass and Miscanthus. The reduction of soluble nitrogen 
was caused mainly by reduction of nitrogen fertilization rate. But it might be increased 
during early stage of growing season. Thus, it could be concluded that growing 
switchgrass and Miscanthus could potentially improve water quality at both marginal 
land and watershed scales. 
5.3 Recommendations for future research 
The goal of this study was to evaluate the viability of marginal land for biomass 
feedstock production in terms of biomass productivity and hydrologic/water quality 
impacts. There were several points that could be further investigated for better 
understanding of the problems concerned with using marginal land for biofuel production. 
1. There were other biomass production purposed definitions and frameworks 
for identifying marginal land. In the future research, the frameworks needed to 
be evaluated and compared from different aspects in order to provide more 
comprehensive insights and accordance for stake holders and policy makers. 
2. Since the plots identified in this study was very scattered and had variable 
areas, a comprehensive economic analysis should be conducted to determine 
the proper area threshold in selecting marginal land for biomass crop 
cultivation.  
3. Simulated switchgrass and Miscanthus yield on marginal land was smaller 
than field study yield, which could be caused by both model simulation 




APEX needs to be improved in terms of model algorithm and parameter 
values.  
4. The potential problems of growing switchgrass and Miscanthus on marginal 
land need to be investigated in order to increase total biomass production. 
5. In this study, routing was not considered and the results did not include the 
effects of channel processes on sediment and nutrient loss. In the future 
research, routing could be added to connect different fields to learn the 
changes of hydrology and water quality variable values at watershed outlet. 
This would also provide the practicability for the model to be calibrated with 
monitored data and increase the accuracy of the prediction. 
6. The nitrogen fertilization time needs to be further investigated to avoid 
nitrogen loss in the early stage of growing season.  
7. This study assumes that all marginal lands could be utilized for biomass 
production. In reality, this will not be practical due to many factors, such as 
land slope not ideal /safe for equipment operations. There is a need to evaluate 
what fraction of marginal land is practical for biomass production.  Such 
evaluations will greatly improve predictions for biomass production potential 
from marginal lands.   
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1. 08/09/05 – 08/16 (TP, 6 days) 
2. 08/23/05 – 09/01 (TP, 8 days) 
3. 10/14/05 – 10/28 (TP, 13 days) 
4. 02/03/06 – 02/04 (TP, 2 days) 
5. 03/22/06 – 04/05 (TP, 13 days) 
6. 11/12/06 – 11/13 (TP, 2 days) 
7. 01/04/07 – 01/09 (TP,  6 days) 
8. 04/12/07 (TP, 1day) 
9. 12/23/07 – 12/25 (TP, 3 days) 
10. 12/31/07 – 01/01/08 (TP, 3 days) 
11. 09/13/08 – 09/14/08 (TP, 2 days) 
The precipitation 
and temperature in 
this station for the 
interested area were 
very good and only 





1. T was missing till 11/28/07 
2. 10/10/07 – 10/24 (TP, 13 days) 
3. 04/25/08 – 04/27 (TP, 3 days) 
4. 12/06/08 – 12/07 (TP, 2 days) 
Data for interested 
area has 13 days in 




1. T was missing till 10/21/04 
2. P was missing till 12/09/04 
3. 08/21/05 – 08/23 (TP, 2days) 
4. 10/17/05 – 10/18 (TP, 2 days) 
5. 12/13/06 – 12/19 (TP, 2 days) 
6. 02/27/07 – 03/12 (TP, 13 days) 
7. 03/30/07 – 04/03 (TP, 5 days) 
8. 04/12/07 – 04/15 (TP, 4 days) 
Data for 2004 was 
discarded because 
of too much missing 
data. For interested 
period, it only have 
2 days missing for 
07, and 4 days 
missing for 08, 06 
was completed.   




12/31/09 2. 01/01/05 – 05/04 (TP, 5 mons) 
3. 06/15/05 – 06/23 (TP, 7 days) 
4. 11/05/05 – 11/06 (TP, 2 days) 
5. 11/29/05 (TP, 1day) 
6. 01/01/06 – 01/07 (TP, 7 days) 
7. 03/27/08 – 04/08 (TP, 11days) 
2002, but was 
discarded before 
03/19/03 because of 
too much missing 
data. 
For interested 
period, the data was 
very good, only 1 
week was missing 





1. 08/08/07 – 08/30 (TP, 22 days) 
2. 10/19/08 (TP, 1 day) 
For 07, there were a 
long period (22 
days) of missing 
data. This station 
would be used in 
filling AS1 because 




1. T missing till 11/29 
2. 11/14/07 – 11/19 (TP, 5 days) 
Precipitation for this 





1. 12/12/06 – 12/20 (TP, 8 days) 
2. 11/15/07 – 11/19 (TP, 5 days) 
3. 09/10/08 – 09/19 (TP, 8 days) 
At this station, data 
for interested period 
was also very good, 
only 8 days missing 
for 08. 06, 07, and 





1. T was not available at this station 
2. 05/05/07 – 05/06 (TP, 2 days) 
The precipitation for 




3. 06/03/07 (TP, 1 day) 
4. 12/09/07 –12/12 (TP, 4 days) 





1. T was not available 
Very complete in 





1. 11/17/04 – 03/29/05 (5 mons) 
2. 10/14/05 – 11/07/05 (TP, 23 days) 
3. 02/27/06 (TP, 1 day) 
4. 03/24/06 – 03/31 (TP, 8 days) 
5. After 10/30/08, data was discarded 
Except for 05, data 
from 05 to 08 was 
pretty complete 
except 8 days in 06. 
But that will not 







Appendix B Regression of precipitation at AME&AD with nearby stations  
 
  
y = 0.7425x + 0.102 







AD vs AS1 
y = 0.7136x + 0.2381 





AD vs AME 
y = 1.012x + 0.0085 






AD vs ALG 
y = 1.1068x + 0.0079 






AD vs AS2 
y = 1.074x + 0.3401 





AME vs AD 
y = 1.1842x + 0.1213 





AME vs AS2 
y = 1.1614x + 0.2025 






AME vs ALG 
y = 0.8388x + 0.2999 











Appendix C Land capability class (LCC) 
Land capability classification is a system that categories soils based on their suitability 
for cultivation of common crops and pasture plants without deteriorating. There are 8 
classes, with suitability decreasing from class 1 to class 8. Class 1 to 4 are considered 
suitable for cultivation, and class 5 to 8 are considered unsuitable for cultivation. The 
definitions for each class are described as follows.  
Class 1: few limitations restricting their use 
Class 2: some limitations that reduce their choice of plants or require moderate 
conservation practices 
Class 3: limitations that reduce the choice of plants or require special conservation 
practices, or both 
Class 4: very severe limitations that restrict the choice of plants, require very careful 
management, or both 
Class 5: little or no erosion hazard but other limitations impractical to remove that limit 
their use largely to pasture, range, woodland, or wildlife food and cover 
Class 6: severe limitations that make them generally unsuited to cultivation and limit 
their use largely to pasture or range, woodland, or wildlife food and cover 
Class 7: very severe limitations that make them unsuited to cultivation and that restrict 
their use largely to grazing, woodland, or wildlife 
Class 8: limitations that preclude their use for commercial plant production and restrict 






Appendix D Parameters that needs to be modified in a single simulation 
File Parameter Description Source 
APEXRUN One file  
  ASTN Run number Field ID 
  ISIT Site number Field ID 
  ISUB Subarea ID  Field ID 
APEXCONT One file      
.SIT One file for each field 
  XLOG Longitude From map 
  YLAT Latitude From map 
  ELEV Elevation From the map 
SITCOM 
One file containing all the site. The name and number need to be 
written  
.SUB One for each field 
  SNUM Subarea ID  Field ID 
  Title Description 
If possible name of soil 
and land cover 
  WSA Watershed area From map 
  SLP average upland slope From map 
  SPLG Average upland slope length From map 
  YCT Longitude From map 
  XCT Latitude From map 
  INPS Soil number  From soil list 
  IOPS 
operation schedule from the 
list From land use list 
  lUNS land use number for CN From land use list 
  CHL 
Distance from outlet to the 
most distand pont on 
watershed From map 
  CHS Channel slope From map 
  CHN Manning's N for channel. Determined from table 
  RCHL Reach channel length Equal to CHL 
  UPN Manning's N for upland  Determined from table 
SOL One for each field, have been prepared through ArcAPEX 
OPS One for each field, have been prepared through ArcAPEX 
  Corn and soybean need to be replaced with standard mgt 
Weather WP1 These three files will come 
from the simulation of SJ 
prepared by ArcAPEX. 
  
  DLY   





Appendix E Management practices used for corn/soybean rotation 
For corn year 
Date Practices Detail 
April 22 N application Anhydrous ammonia 212 kg/ha 
April 22 P Fertilizer P2O5, 67 kg/ha 
April 22 Pesticide Atrazine, 2.2 kg/ha 
May 6 Tillage Offset disk plow, 100 mm, 60 % mixing. 
May 6 Plant  
Oct 14 Harvest  
For soybean year 
May 10 N application Anhydrous ammonia 7 kg/ha 
May 10 P Fertilizer P2O5, 45 kg/ha 
May 24 Plant with no till  
Oct 7 Harvest  
Nov 1 Tillage Chisel plow (30% mixing to 150mm) 
Notes:  
1. This management practices include two year corn-soybean creation. Planting and 
harvesting dates were determined based on the 50% area planting/harvesting dates. 
Fertilizer application rate were developed based on information provided by 
Indiana’s Tri state recommendations (Vitosh et al., 1995) for corn and soybeans. 
Pesticide estimation was estimated using the maximum label rate for atrazine 
application. These information were achieved from Kalcic (2013). 
2. Some N is applied to soybean because P is applied as DAP Di-Ammonium 
Phosphate, 18-46-0), MAP (Mono-Ammonium Phosphate, 11-52-0), or APP 
(ammonium polyphosphate, 11-37-0).  An average of these three fertilizers gives 
an N:P ratio of 0.30, meaning for every kg/ha of P applied, 0.3 kg/ha of N is 






Appendix F Management practices for switchgrass and Miscanthus in simulation 
Date Practices Detail 
First year   
May 15 Planting  
May 22 N Fertilizer Urea 61 kg/ha 
Second to 8th year   
May 22 N Fertilizer Urea 61 kg/ha 
Oct 29 Harvest  
Notes;  
Switchgrass, and Miscanthus was planted at the first year with no harvest. After 
growing and harvesting for next 7 years, it is considered that yield might drop and then 
they will be killed in the 9th year, and another growing cycle starts. To be specific for 
this study, switchgrass and Miscanthus were planted in 1995, the first year of 
simulation. No harvest was operated in 1995. Then, the two crops were harvested one 
time each year during 1996 to 2002. Then, they were killed and replanted in 2003. No 
harvest was operated in 2003. Then, they were harvested one time each year during 





Appendix G Fields for monthly analysis of hydrological/water quality variables 
Field purpose Field ID 
Simulated average 
annual crop yield 
(Mg/ha) 
Switchgrass vs. Corn/Soybean 165578 9.8 
Miscanthus vs. Corn/Soybean 124250 27.1 
Switchgrass vs. Grassland 166655 9.8 
Miscanthus vs. Grassland 89518 27.2 
Switchgrass vs. Forest 170148 9.8 






Appendix H Response of switchgrass and Miscanthus yield to N fertilizer rate 
 Switchgrass Miscanthus 
 56 KgN/ha 28kgN/ha 56 KgN/ha 28kgN/ha 
Field1 7.6 7.5 22.9 23.0 
Field2 7.7 7.2 10.5 10.5 
Field3 8.3 7.1 14.9 12.9 
Field4 8.3 8.1 28.6 28.6 
Field5 7.3 7.3 16.5 15.7 
Field6 8.6 8.5 13.9 12.9 
Field7 8.8 8.8 9.3 7.6 
Field8 8.4 8.4 18.6 18.8 
Field9 8.6 8.5 13.3 13.3 
Field10 9.2 9.1 15.2 15.2 
Average 8.3 8.1 16.4 15.9 
Std 0.6 0.7 5.8 6.2 
 
 
 
